The use of isolated hepatocytes to study the toxic effects of chemicals. by Gwynn, Jennie.
THE USE OF ISOLATED HEPATOCYTES TO STUDY 
THE TOXIC EFFECTS OF CHEMICALS
by
Jennie Gwynn, B .S c ., M .Sc., M.P.S.
A thesis submitted in  accordance w ith the 
requirements o f the U n ivers ity  o f Surrey 
fo r the degree o f Doctor o f Philosophy.
Department o f Biochemistry, 
U nivers ity  o f Surrey, 
G uild ford , Surrey. November 1981.
ProQuest Number: 10798499
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 10798499
Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
To Jim and Dorothy
ACKNOWLEDGEMENTS
The completion o f th is  thesis would not have been achieved w ithout 
the dedicated supervision o f Professor James W. Bridges.. There are 
many others, too numerous to mention, who have contributed by th e ir  
p rac tica l assistance, expert advice and encouragement.
I  would l ik e  to thank p a r t ic u la r ly  Dr. Je ffre y  Fry, Dr. Carol Jones 
and Dr. P h ilip  Wiebkin, w ith whom I  worked so c lo se ly , fo r  passing 
on th e ir  valuable experience in  the use o f iso la ted  hepatocytes.
I would also l ik e  to thank Dr. Tim Fennel, Dr. Richard Hinton and 
Dr. Diane Benford fo r  th e ir  assistance in some o f the specia lised  
techniques used here.
I am also extremely g ra te fu l to my friends and colleagues a t the 
D.H.S.S. and Smith Kline and French whose continued encouragement 
has helped me complete th is  manuscript. In p a rtic u la r  I would 
l ik e  to mention Dr. Susan Sullman, Dr. Peter Johnson and Dr. Paul 
Sharpe. *
F in a lly  I  am indebted to Mrs Jan Hamilton whom with extreme care
and unending patience typed th is  manuscript and to the Medical Research
Council fo r  fin a n c ia l support.
ABSTRACT
Some ch arac te ris tics  o f r a t  hepatocytes, iso la ted  by a non-perfusion  
technique, have been examined in  order to va lid a te  th e ir  use fo r  the 
in vestigation  o f chem ically induced to x ic ity .
Untreated hepatocytes synthesized p ro te in , RNA and GSH and metabolised  
exogenous substrates. GSH was depleted during is o la tio n  but ac tive  
resynthesis was evident on incubation in complete cu lture  medium.
The leve ls  o f GSH, ATP and cyc lic  AMP were s im ila r  to those reported  
in  the l i te r a tu r e  fo r  hepatocytes iso la ted  by perfusion. Hence the 
hepatocytes were shown to possess a number o f in vivo c h a ra c te r is tic s .  
Although there was an inherent v a r ia b i l i t y  between ind iv idu a l 
preparations characterised by the v a r ia b i l i t y  in , and lack o f c o rre la tio n  
between, the ra te  o f protein  synthesis, c e ll y ie ld  and v ia b i l i t y ,  
the e f fe c t  o f a number of xenobiotics were investigated .
Paracetamol induced a rapid f a l l  in ATP, dose-dependent in h ib it io n  
of p ro te in , RNA synthesis, and the metabolism o f 7-EC, depletion of 
GSH and covalent binding of drug re la ted  m ateria l to p ro te in .
Exposure o f cultured hepatocytes to 40mM paracetamol fo r  < 4  hrs 
produced revers ib le  in h ib it io n  of protein  synthesis, but c e ll death 
was the re s u lt o f a longer exposure.
Safro le  and phenobarbitone also induced a rapid f a l l  in ATP leve ls  
followed by dose-dependent in h ib it io n  o f protein  and RNA synthesis.
This was, th e re fo re , a common sequence o f events in response to a 
tox ic  in s u lt  but was u n lik e ly  to be the d ire c t cause o f c e ll death.
The a c t iv it ie s  o f 7-EC O-deethylase, NADPHg diaphorase, SDH and G6PDH 
were a l l  increased in  cultures treated  w ith 2mM phenobarbitone (a 
concentration which did not cause c e ll death). Paracetamol also caused 
increases in NADPH£ diaphorase a c t iv ity .
The e ffe c ts  o f these xenobiotics in  hepatocytes were compared and 
discussed. I t  was concluded th a t the cause o f c e ll death'was not 
id e n tif ie d  and th a t i t  was u n lik e ly  to be due to one fa c to r  alone but to
a combination o f factors  dependent on the level and duration o f 
tox ic  in s u lt  and a decreased a b i l i t y  o f the c e ll to re p a ir  damage. 
With fu r th e r  refinements cultured hepatocytes should provide a 
useful model fo r  the investiga tion  o f mechanisms o f chemically  
induced to x ic ity .
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ABBREVIATIONS
ADP adenosine diphosphate
AMP adenosine monophosphate
ATP adenosine triphosphate
BSP sulphobromophthalein
DNA deoxyribonucleic acid
7-EC 7-ethoxycoumarin
GAPDH glyceraldehyde-3-phosphate dehydrogenase
GDH glycerol-3-phosphate dehydrogenase
GOT glutam ic-oxaloacetic transaminase
G6P D -g lucose-6-phosphate
G6PDH glucose-6-phosphate dehydrogenase
GPT glutam ic-pyruvic transaminase
GSH glutath ione
LDH la c ta te  dehydrogenase
NAD nicotinamide adenine d inucleotide
NADH nicotinamide adenine d in u c leo tid e , reduced
NADP nicotinamide adenine d inucleotide phosphate
NADPH nicotinamide adenine d inucleotide phosphate, reduced
PAPS 3-phospoadenosine 5 ' -phosphosulphate
PBS'A1 phosphate buffered saline
PGK 3-phospoglycerate kinase
PMS phenazine methosulphate
PVA polyvinyl alcohol
RNA ribonucle ic  acid
SDH succinate dehydrogenase
TCA tric h lo ro a c e tic  acid
TIM triosephosphate isomerase
TXT 00 tr i to n  X-100
UDP urid ine diphosphate
UDPG uri di n e -51-d i phosphoglucose
UTP urid ine triphosphate
C H A P T E R  1
I N T R O D U C T I O N
INTRODUCTION
1.1 GENERAL BACKGROUND
The evolution o f society to the sophistications o f modern day l i f e  
has been made possible by the numerous discoveries in  the f ie ld  
of science since the dawn o f mankind. Development o f fue ls  and 
machinery has fa c i l i ta te d  the foundation o f an in d u s tr ia lly  based 
society in  which l i f e  expectancy has been s u b s ta n tia lly  increased.
The population explosion has necessitated the processing o f foods 
to reduce wastage and to enable more mouths to be fed . The invention  
of the steam and combustion engines has improved means o f transporta tion  
and communication. In more recent years the advancement o f medical 
science has provided many new drugs to combat disease in  humans and 
animals.
S c ien tis ts  have, th e re fo re , provided much to improve the q u a lity  o f  
l i f e .  However, they also re a lis e  th a t they have introduced hazards, 
many of which are s t i l l  unrecognised. For- example, the in d u s tr ia l 
revo lu tion  began the large scale p o llu tio n  o f the environment. Food 
processing requires the use o f unnatural add itives to s ta b il is e ,  
colour and flavour products to improve th e ir  q u a lity , appearance and 
storage l i f e .  I t  is  now recognised th a t many o f these agents can 
cause damage to humans and animals esp ec ia lly  i f  the duration o f  
exposure covers a l ife t im e . In the race to provide new and more 
e ffe c tiv e  drugs mistakes have been made. The appalling  e ffe c ts  o f  
thalidom ide, which caused congenital deform ities in  ch ildren  born to 
mothers who had taken the drug during pregnancy, hastened the 
advancement of the science of toxicology in the United Kingdom.
1.2 INTRODUCTION TO TOXICOLOGY
The fundamental basis o f toxicology was recognised many centuries  
ago by Paracelsus (1493-1541) who observed th a t "A ll things are 
poisons, fo r  there is  nothing w ithout poisonous q u a lit ie s . I t  is  
only dose which makes a thing a poison" (c ite d  by S ig e r is t , 1958).
Since the end o f-th e  nineteenth century there has been a vast increase  
in  the number and a v a ila b i l i t y  o f e ffe c tiv e  and p o te n tia lly  to x ic  drugs.
Advances in  organic chemistry have enabled the synthesis o f numerous 
new therapeutic  agents, many by manipulation o f ex is tin g  s tructures . 
Increased usage o f drugs has in e v ita b ly  led to the observation o f more and 
varied tox ic  reactions. These reactions can manifest themselves in  
a number o f ways which may be categorised as fo llow s: dose re la te d ,
id io s y n c ra tic , a l le r g ic ,  to le ra te d , physical dependency, carcinogenic, 
mutagenic and tera togen ic .
Dose-related to x ic ity  may be exem plified by the action o f the 
coumarin anticoagulants which are used to prolong the c lo ttin g  time 
of blood. Excessive dosing w il l  lead to a tendency to bleed due to  
the prolonged c lo ttin g  tim e.
Idiosyncracy, which is  defined as a c h a ra c te ris tic  d istingu ish ing  an 
in d iv id u a l, may be demonstrated by the d iffe r in g  responses to 
ison iazid  which is  used in  the chemotherapy o f tubercu losis . The 
major route o f ison iazid  metabolism is  v ia  N -acety la tion  (Jenne, 1965) 
catalysed by an acetyl transferase enzyme. Epidemiological studies  
have found groups o f people who are slow acety lators  (La Du, 1972).
A good example o f th is  is  found in Eskimos who therefore  deto x ify  the 
drug less quickly so th a t i t  can accumulate to tox ic  leve ls  w ith in  
the body.
Drug a lle rg y  is  an adverse reaction which is  the re s u lt o f previous 
sen s itisa tio n  to the same drug, or a c losely re la ted  one. The most 
dangerous o f these types o f adverse reactions is  the onset o f 
anaphylaxis which can lead to death in  a very short tim e. One w ell 
known drug which w il l  cause th is  type o f reaction in some patien ts  
is  p e n ic il l in  (Schwartz and Vaughan, 1963).
Repeated dosing o f drugs can cause two undesired side e ffe c ts . The 
f i r s t  o f these is  to lerance which is  a decreased responsiveness to  
the action o f a drug. This type of e ffe c t  is  demonstrated by 
sympathomimetic amines which,with repeated dosing, e l i c i t  sm aller and 
sm aller cardiovascular e ffe c ts . A c lass ic  example of th is  is  the  
experiments done with ephedrine in  the dog (Chen and Meek, 1926).
The second undesired e ffe c t  o f repeated dosing is  th a t o f physical 
dependence where the presence o f the drug becomes necessary fo r  the 
normal functioning o f the body. The withdrawal symptoms suffered by 
a person addicted to morphine are a s tr ik in g  example o f physical 
dependence (Andrews and Himmelsbach, 1944).
Carcinogenesis is  the development o f cancer which is  the malignant 
unrestrained p ro life ra t io n  o f somatic c e l ls .  Chemical carcinogenesis 
was discovered in man long before i t  could be demonstrated in  animals.
In 1775 cancer o f the scrotum was recognised as an occupational 
disease o f chimney sweeps and i t  was the prolonged exposure to soot 
th a t was presumed to be the cause (W olf, 1952). I t  has since been 
rea lised  th a t the agents involved are the po lycyclic  hydrocarbons.
Much research is  now dedicated to e luc idating  the mechanisms by 
which cancer is  produced.
Any stimulus which causes a permanent change in  the genotype which 
could cause adverse e ffe c ts  in  fu tu re  generations- is  c la s s if ie d  as 
a mutagen. One o f the best examples o f th is  is  ra d ia tio n . Although 
the serious im plications o f exposure to mutagens are understood the 
methods fo r  assessing whether or not a chemical is  mutagenic in vivo are 
s t i l l  in  th e ir  re la t iv e  infancy.
The c lass ic  example o f a teratogen is  thalidom ide which is  known 
to cause abnorm alities in fo e ta l development (W illiam s, 1963).
Teratogens may act in a number o f ways, many o f which may not be - 
apparent due to the e a rly  abortion o f the foetus. The discovery o f 
the dreadful e ffe c ts  o f the drug thalidom ide shocked the world and 
has caused governments to lay down s t r ic t  le g is la tio n  concerning 
the production and marketing o f new drugs. This has led to extensive  
tes tin g  o f drugs in  animals to determine any adverse e ffe c ts  to  enable 
the safety  of a drug in humans to be more accurately predicted .
This b r ie f  summary demonstrates the broad im plications o f the study 
of toxicology and suggests some o f the many problems in p red ic tin g  
whether or not a drug or chemical exposed to humans or animals w i l l  be 
safe. A fu rth e r  re a lis a tio n  is  th a t i t  is  not only important to know 
i f  an agent is  to x ic , but also how i t  causes to x ic ity .
Approaches to the study o f mechanisms of to x ic ity  have been many and 
varied . One o f the main areas is  the in vestigation  o f e ffe c ts  of 
drugs on the l iv e r .  When a drug or chemical is  exposed to the body, 
whether o r a l ly ,  in je c te d , inhaled or applied to p ic a lly  once i t  enters 
the blood stream i t  very rap id ly  reaches the l iv e r .  One main function  
of the l iv e r  is  the breakdown o f exogenous compounds . 
by metabolism to more water soluble conjugates which may then be 
excreted, mainly by the kidney. The l iv e r  is  therefore  subjected to 
p o te n tia lly  tox ic  chemicals, many o f which m anifest th e ir  symptoms 
w ith in  the l iv e r ,  although others w il l  be observed in other organs 
o f the body. The l iv e r  as a m etabolising organ may also produce 
tox ic  m etabolites from re la t iv e ly  innocuous parent compounds. The 
importance o f active  m etabolites in re la tio n  to to x ic ity  w il l  be 
discussed la te r .
The investigation  o f the mechanisms o f to x ic ity  o f chemicals in  the 
l iv e r  is  therefore  o f great importance and w il l  hopefu lly give a 
greater understanding o f the o vera ll to x ic ity  o f a compound. I t  may also 
help to .provide inform ation fo r  the production o f less hazardous 
chemicals and drugs in the fu tu re .
1.3 THE STRUCTURE OF THE LIVER
The structure  o f the l iv e r  has been c la s s ic a lly  described in terms 
of the hexagonal lobule (see Fig. 1 ). This functional u n it contains 
the term inal hepatic venule a t i ts  cen tre , w ith the portal space, 
hepatic a r te r io le  and b ile  duct s ituated  a t the periphery o f the lobu le . 
According to th is  configuration pathological lesions o f the l iv e r  have 
been c la s s if ie d  as c e n tr ilo b u la r , midzonal or p e r ip o rta l.
More recent evidence has indicated th a t th is  is  not a true  
description of the functional u n it o f the l iv e r  (Rappaport, 1969). I f  
coloured g e la tin  is  in jec ted  in to  the portal vein or hepatic a rte ry  i t  
becomes apparent th a t the terminal a ffe re n t vessels supply blood to only 
sections o f the hepatic lobu le. These sectors have been demonstrated 
to l ie  around the term inal portal branches and extend from the cen tra l 
vein o f one hexagon to the central vein o f an adjacent hexagon. These
Figure 1.
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Schematic representation o f the c lass ic  hexagonal hepatic lobule (from  
Plaa, 1975).
PS is  the portal space, consisting o f a branch o f the porta l ve in , a 
hepatic a r te r io le ,  and a b ile  duct; THV is  the term inal hepatic venule 
(cen tra l ve in ).
functional units have been defined by Rappaport and co-workers as 
l iv e r  ac in i (Rappaport, 1969) (see Fig. 2 ) .  The simple acinus 
consists o f a small parenchymal mass which is  irre g u la r  in size  
and shape, arranged around an axis consisting of a term inal p o rta l- 
venule, an hepatic a r te r io le ,  a b ile  ductu le , lymph vessels and 
nerves. This acinus lie s  between two or more terminal hepatic venules 
(cen tra l veins) w ith which i ts  vascular and b i l ia r y  axis in te rd ig ita te .  
The hepatic c e lls  o f a simple ac in i are in c e l lu la r  and sinusoidal 
contact with the c e lls  o f adjacent or overlapping a c in i.  However, 
the c e lls  o f one p a rtic u la r  acinus are p re fe re n tia lly  supplied by 
th e ir  parent vessels. This concept has been developed to show th a t  
there are c irc u la to ry  zones w ith in  each acinus which can be divided  
in to  three depending on th e ir  distance from the term inal vascular 
branch. I t  has been demonstrated th a t three or more simple ac in i 
can co n stitu te  a complex acinus. This u n it consists o f three simple 
units and a sleeve o f parenchyma around the preterm inal a ffe re n t  
Vessels, the lymph vessels and the nerves th a t eventually  give r is e  
to the term inal ax ia l vessels o f the simple a c in i.
I t  has been demonstrated th a t there is  a lack o f un iform ity  o f  
function o f the l iv e r  c e lls  (Chayen, 1974). The a c t iv ity  o f the 
resp ira to ry  enzymes has been found to be highest in the zone 
closest to the term inal a ffe re n t vessel, whereas the most d is ta n t  
zone has a high level o f microsomal enzymes. The c lass ica l descriptions  
o f fo c a l, midzonal, periporta l and c e n tr ilo b u la r lesions can be 
explained by Rappaportfs th eo ries . C en trilo b u la r necrosis, a lesion  
caused by carbon te tra c h lo rid e  (Recknagel, 1967), occurs in the region  
most d is tan t from the term inal portal venule (zone 3 ) . Midzonal 
necrosis, s im ila r  to th a t caused by beryllium  (Witschi and A ldridge, 
1967), would occur in the area corresponding to the acinar zone 
closest to the terminal a ffe re n t vessel (zone 1 ) . A c lass ic  example 
of a compound producing p eriporta l necrosis is  a l ly !  alcohol 
(R o u ille r , 1964).
M orphologically chemically-induced l iv e r  in ju ry  can m anifest i t s e l f  
in d if fe re n t  ways. The acute e ffe c ts  can consist o f accumulation 
o f lip id s  ( fa t ty  l iv e r )  and the appearance o f degenerative processes 
leading to ce ll, death (necros is ). The necro tic  process can a f fe c t
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PS and THV are as in F ig . l .  1, 2 and 3 represent the various zones drain ing  
o f f  the terminal a ffe re n t vessel.
small groups o f iso la ted  parenchymal c e lls  (focal necro s is ),
groups o f c e lls  located in zones (c e n tr ilo b u la r , m idzonal, or p erip o rta l
necrosis) or v ir tu a l ly  a l l  o f the c e lls  w ith in  a hepatic lobule (massive
necrosis ).
Chemical-induced l iv e r  in ju ry  resu ltin g  from chronic exposure can 
produce marked a lte ra tio n s  o f the e n tire  l iv e r  s tructure  giving r is e  
to the degenerative and p ro life ra t iv e  changes observed in the 
d iffe re n t  forms o f c irrh o s is . Neoplastic changes may be another end 
point o f chemical l iv e r  in ju ry .
1 .4  MECHANISMS OF TOXIC LIVER INJURY
The study o f pathology deals mainly with the structured response to 
disease. The to x ic ity  o f any compound is, however, the sum to ta l o f  
i ts  in te rac tions  with c e l lu la r  constituents to produce chemical 
a lte ra tio n s  and the response o f the c e ll to those aberra tions. I t  is  
therefore  important to determine the biochemical lesion which occurs 
w ith in  the c e l l .  The concept o f the biochemical lesion was formulated  
by Peters (1963), who together with others have la id  the so lid  modern 
foundation fo r  biochemical pathology.
Two approaches have developed w ith in  the f ie ld  o f toxicology:
(a) the response o f c e lls  or organs to in te rfe ren ce  with  
selected metabolic processes, i . e .  the response to known 
biochemical lesions -  ATP d e fic ien cy , in h ib it io n  o f 
protein synthesis, RNA and DNA synthesis.
(b) the biochemical mechanisms underlying the induction o f  
d iscrete  and se lec tive  b io lo g ica l responses to some to x ic  
agents such as selected experimental disease, e .g . carbon 
te tra c h lo rid e , galactosamine and e th ion ine.
A wide v a rie ty  o f to x ic  chemicals, viruses and other hazards in  the 
c e lls  environment such as anoxia, are known to induce hepatic c e ll death 
I t  has also become c le a r th a t pers is ten t or repeated episodes o f l iv e r  
c e ll necrosis seems to be the basis fo r  the chronic progression o f l iv e r  
disease to c irrh o s is .
Magee (1966) made the fo llow ing observations on the approach to
tox ic  l iv e r  c e ll necrosis based on research carried  out up to 1966.
I t  would appear th a t the mechanisms o f c e ll death are quite  s p e c ific  
and studies have shown th a t one can in te r fe re  w ith most o f the basic 
properties o f the c e ll w ithout inducing c e ll death. Cell death is  
not a degenerative phenomenon in  which the essential lesion is  some 
in h ib it in g  e ffe c t  on one o f the essential metabolic processes in  the
c e l l .  Neither is  i t  simply the consequence o f slowing down the ce lls
metabolic a c t iv ity  as a re s u lt o f the in te rfe ren ce  w ith one or more 
o f i ts  major metabolic functions. Hence any biochemical change in  
l iv e r  c e lls  in response to agents th a t do not produce necrosis must be 
by i t s e l f  in s u ff ic ie n t  to produce c e ll death and necrosis.
There have been three major hypotheses as to the primary ta rg e t fo r  the 
molecular mechanisms th a t produce c e ll death. H is to r ic a lly  the f i r s t  o f 
these was the mitochondrial hypothesis o f C h ris tie  and Judah (1954) 
based on experiments with carbon te tra c h lo rid e  which was shown to  
cause severe mitochondrial damage. This involved the uncoupling o f 
oxidative  phosphorylation, loss o f resp ira to ry  control and the a c tiv a tio n  
of ATPase. I t  is  now known, however, th a t th is  is  not causative o f 
c e ll death as the c e lls  have already shown d isruption o f in tr a c e llu la r  
membranes, in h ib it io n  o f protein and RNA synthesis, and an increase in  
c e llu la r  levels  of t r ig ly c e r id e . The hepato tox ic ity  o f carbon 
te tra c h lo rid e  was extensively  reviewed by Recknagel (1967) and Plaa 
and Witschi (1976). Mitochondrial in ju ry  is  therefore  simply a 
m anifestation o f the general metabolic d e te rio ra tio n  o f a dying c e l l .
The second of the major hypotheses was the lysosomal theory suggested 
by de Duve a f te r  his discovery o f lysosomes in 1955. He im plied th a t  
lysosomes could be po ten tia l suicide bags, knowing th a t they contain  
soluble hydrolases, w ith an acid pH optimum, surrounded by a 
lip o p ro te in  membrane preventing th e ir  escape. De Duve (1963) 
suggested th a t the normal segregation o f the lysosomal enzymes might 
have played an essential ro le  in  keeping the ly t ic  processes o f the 
c e ll loca lised  and therefore  protecting against au to lys is . This 
theory raised a major question as to whether the release o f lysosomal 
enzymes causes c e ll death, or only occurs when the c e ll is  dead or
dying? Or one could ask whether c e ll death is  simply autolysis?  
However,it has been shown th a t acute l iv e r  c e ll in ju ry  by carbon 
te tra c h lo rid e  (D ianzan i, 1963), thioacetamide (S la te r  e ta J , 1965), 
dimethylnitrosamine (Rees, 1962) and beryllium  sa lts  (W itschi and 
A ldridge, 1967) gave no evidence im p licating  lysosomal d isruption  as 
a fa c to r in the cause of c e ll death. Lysosomes in fa c t appeared to 
be re la t iv e ly  stab le p a rtic le s  during the development o f c e ll death.
The changes in  the d is tr ib u tio n  o f the lysosomal hydrolases between 
the p a rtic u la te  and soluble phases o f the c e ll th a t occur la te  a f te r  
the adm inistration o f hepatotoxins probably only re f le c ts  a scavanging 
ro le  fo r  the lysosomes.
The th ird  theory ind icates the plasma membrane as the primary ta rg e t  
in the pathogenesis of c e ll death. A very ea rly  e ffe c t  o f carbon 
te tra c h lo rid e  to x ic ity  is  a destructive  attack  on the membrane 
components of the c e l l .  This is  thought to  involve homolytic cleavage 
o f a carbon-chloride bond followed by fre e  rad ica l a ttack  w ith  
peroxidative decomposition o f the membrane structured lip id s  
(Recknagel, 1967). W ithin the f i r s t  hour of exposure changes w ith in  
the endoplasmic reticulum  are evident and the calcium content o f the  
c e ll is  increased w ith in  twenty four hours. Associated w ith the 
raised levels  o f calcium are other e le c tro ly te  disturbances, sw elling  
o f the l iv e r  c e l ls ,  with in tr a c e llu la r  enzymes appearing in the  
plasma. These changes suggest a severe breakdown o f the se lec tive  
perm eability  o f the c e ll plasma membrane. Electron microscopic 
studies o f l iv e r  c e lls  poisoned w ith dim ethylnitrosam ine (Emmelot and 
B enedetti, 1960) and thioacetamide (Rees e t al_, 1961) also demonstrated 
a lte ra tio n s  in  the membranes o f the endoplasmic reticu lum . Plasma 
membranes were found to be abnormal as early  as three hours a f te r  the 
adm inistration o f dim ethylnitrosam ine.
I t  has been known fo r  many years th a t calcium accumulates in  necro tic  
tiss u e . Judah e t al (1964) suggested th a t the sp e c ific  functional 
consequence o f d ire c t membrane in ju ry  is  an increase in  calcium ion 
concentration w ith in  the c e ll and th a t the calcium ion is  the common 
agent mediating tox ic  l iv e r  c e ll death. This view is  supported by 
resu lts  demonstrating the pro tective  e f fe c t  o f promethazine and re la te d  
compounds on the to x ic ity  o f carbon te tra c h lo rid e  (Rees and Spector, 
1961).
A ll o f the above observations have the same problem to face. How 
does one decide i f  any one given s p e c ific  disturbance is  causally  
re la ted  to c e ll death, or simply a m anifestation o f the fa c t th a t the 
c e ll is  ir re v e rs ib ly  in ju re d , dead or dying, as th is  im plicates th a t  
a l l  metabolism and c e l lu la r  functions are going to be perturbed and 
eventually  cease?
Research in to  the mechanisms o f hepatic necrosis has centred around 
a few model compounds including carbon te tra c h lo rid e , galactosamine 
and eth ion ine . By understanding the mechanisms o f to x ic ity  o f one 
compound in i ts  minutest d e ta il i t  is  hoped th a t the mechanism o f
action o f other compounds might be more e a s ily  understood.
The hep ato tox ic ity  o f ethionine has been b r ie f ly  reviewed by Farber 
(1971). I t  is  known to produce a v a rie ty  o f pathological changes in  
animals including fa t ty  l iv e r  and l iv e r  cancer (S te k o l, 1963 and 
Farber, 1967). This methionine analogue has a t leas t four metabolic  
e ffe c ts  on the l.iver:
(1) rapid induction o f ATP depletion (S h u ll, 1962).
(2) e th y la tio n  o f RNA, o f h ighly s e lec tive  p ro te ins ,
esp ec ia lly  nuclear p ro te ins , and o f several other nuclear
prote ins.
(3) in h ib it io n  o f methylation o f RNA, and other components 
u t i l iz in g  methionine as donor.
(4) incorporation in to  protein  in  place o f methionine.
The evidence strongly suggests th a t most of the acute hepatic e ffe c ts  
of ethionine are due predominantly or exc lus ive ly  tothe defic iency o f 
ATP. These include fa t ty  l iv e r  (Farber, 1967), in h ib it io n  o f protein  
synthesis (V illa -T re v in o  e t al_, 1963), a number o f u ltra s tru c tu ra l  
a lte ra tio n s  to cytoplasmic organelles o f the l iv e r  c e ll and nucleolus 
and in h ib it io n  o f RNA synthesis (V illa -T re v in o  e t a l ,  1966). I t  has 
been suggested th a t the ra t io  o f ATP to ADP to AMP is  probably more 
important to c e llu la r  function than the absolute value o f any s ing le  
adenine nucleotide (Atkinson, 1966). The in h ib it io n  o f protein  synthesis 
and RNA synthesis c losely p a ra lle l the decrease in ATP leve ls  although 
the mechanism by which th is  occurs is  not known. Ethionine also causes 
a s tr ik in g  loss o f l iv e r  potassium with a corresponding increase in
sodium levels  (Judah e t al,, 1966 and C h ris tie  and Judah, 1968) but 
no apparent e f fe c t  on hepatic BSP uptake, conjugation w ith GSH, 
or excretion as fre e  or conjugated BSP in the b ile  (Schenker and 
Combes, 1967).
The e ffe c ts  o f galactosamine on the l iv e r  have been reviewed by 
Farber and E l-M ofty (1975). Figure 3 shows the proposed pathway 
leading to c e ll death as caused by galactosamine. I ts  major in i t i a l  
e ffe c t  is  to deplete the urid ine  nucleotides by i ts  metabolism to UDP 
hexosamine which traps the urid ine  nucleotides. This leads to  
reve rs ib le  plasma membrane in ju ry  and increased in tr a c e llu la r  calcium.
At higher dose levels  o f galactosamine the plasma membrane becomes 
ir re v e rs ib ly  damaged, followed by a marked increase in in tr a c e llu la r  
calcium and c e ll death.
The experiments described above w ith eth ionine and galactosamine 
demonstrate th a t the depletion o f ATP and UTP respective ly  do not 
cause c e llu la r  necrosis on th e ir  own, as these changes may be re v e rs ib le .
Protein synthesis, and to a lesser ex ten t, RNA synthesis are in h ib ite d  
by a wide range of to x ic  agents. A lte ra tio n s  in the su b ce llu la r  
organisation and function o f the ra t  l iv e r  parenchyma have been 
a ttr ib u te d  to th is  in h ib it io n  (Trump and Ericsson, 1965). I t  has been 
d i f f i c u l t  to co rre la te  s tru ctu ra l changes to a sp e c ific  biochemical 
les io n , as the m ajority  o f compounds have many biochemical e ffe c ts  
in addition to the in h ib it io n  o f protein  synthesis. I t  is  also o f  
in te re s t th a t marked in h ib it io n  o f protein  synthesis by cycloheximide 
in rats  fo r  many hours leads to only a few c e llu la r  changes in  selected  
organs and i ts  e ffe c ts  are reve rs ib le  (H arris  e t al_, 1968).
The in h ib it io n  o f protein  synthesis also appears to be associated w ith  
several types o f fa t ty  l iv e r ,  e .g . carbon te tra c h lo r id e , e th io n in e , 
and puromycin (Farber, 1967; and Lombardi, 1965 and 1966). The 
l iv e r  plays a major ro le  in the conversion o f fa t ty  acids from the blood 
to trig ly c e r id e s  which are put back as plasma lipopro te ins in to  the 
blood. I f  protein  synthesis is  in h ib ite d , the supply o f essentia l 
protein is  halted causing an accumulation o f t r ig ly c e r id e  w ith in  the
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l iv e r .  Th is , however, does not always occur, fo r  cycloheximide 
(Verbin ert al_, 1969) and eth ionine (Schlunk e t al_, 1968) both in h ib it  
protein  synthesis w ithout an accompanying increase in t r ig ly c e r id e  
le v e ls . The mechanisms must, th e re fo re , be more complex perhaps 
involving changes in polysomes. Carbon te tra c h lo rid e  causes disaggre­
gation o f polysomes to ribosomal monomers and subunits, whereas w ith  
cycloheximide and w ith ethionine ( in  the male r a t )  th is  does not occur. 
The bulk o f tr ig ly c e r id e  is  synthesized in the endoplasmic reticu lum .
I t  may, th e re fo re , fo llow  th a t in ta c t  polysomes closely associated  
with the endoplasmic reticulum  may allow  a regulatory control o f 
tr ig ly c e r id e  synthesis. The main conclusion is  th a t in h ib it io n  
of protein  synthesis alone is  probably not the cause o f c e ll 
death.
Attempts to associate c e ll death w ith in h ib it io n  o f a s p e c ific  
reaction have also im plicated RNA synthesis. S im ila r in te rp re ta tio n  
problems arise  to those c ited  above. For example, a -a m a n itin , which 
induces severe lesions in several organs o f experimental animals, 
in h ib its  RNA polymerase (Tata and W idnell, 1966). I t  causes c e ll 
death in  the l iv e r  and kidney of the mouse, but i ts  e ffe c ts  are 
reve rs ib le  in ra t  l iv e r .
1.5 PROTEIN BIOSYNTHESIS AND THE MODE OF ACTION OF SOME INHIBITORS 
Proteins are synthesized by both eukaryotic and prokaryotic c e lls .
Since th is  thesis is  concerned w ith the e ffe c t  o f chemicals in  
eukaryotic organisms the emphasis of th is  b r ie f  summary is  on eukaryotic  
protein  synthesis although much o f the work to e luc idate  the pathways 
has been carried  out in prokaryotic organisms l ik e  E. c o l i . The pathways 
are , however, e s s e n tia lly  s im ila r in  both types o f c e l l .
The synthesis o f proteins takes place on the surface o f the ribosomes 
which in  the eukaryotic ce ll occur e ith e r  fre e  in the cytoplasm or 
bound to the endoplasmic reticulum . Furthermore the mitochondria are 
rich  in  ribosomes. The types of protein  synthesized a t these d if fe re n t  
s ites  vary in th e ir  functions.
The f i r s t  stage o f protein  synthesis requires the a c tiv a tio n  o f amino 
acids, the subunits o f p ro te in s , to th e ir  corresponding ami noacyl-tRNAs. 
This stage requires ATP and Mg++ and the ami noacyl-tRNA synthetase 
s p e c ific  fo r  the amino acid undergoing a c tiv a tio n . The ami noacyl-tRNA 
synthetases are highly s p e c ific  fo r  both the amino acid and i ts  
corresponding tRNA.
Errors can occur a t th is  a c tiv a tio n  stage since certa in  amino acid  
analogues such as p-fluorophenyla lan ine, an analogue o f phenylalanine, 
and ethionine and nor-leuc ine , analogues of methionine may be accepted 
by the ami noacyl-tRNA synthetase and hence be incorporated in to  proteins  
in  the positions normally occupied by methionine or phenylalanine.
The second stage o f protein  synthesis involves the in i t ia t io n  o f the 
polypeptide chain which occurs on the ribosomes. Ribosomes consist o f  
RNA and proteins and can dissociate in to  two functional subunits. In  
extram itochondrial protein synthesis the in i t ia t in g  amino acid is  
methionine in  the form o f a s p e c ific  methionyl-tRNA which responds to 
the in i t ia t in g  AUG codon in the mRNA. The formation o f th is  in i t ia t io n  
complex .on the 40S subunit o.f the ribosome also requires in i t ia t io n  
factors and GTP. The in i t ia t io n  complex then combines w ith the 60S 
subunit. The methionyl-tRNA is  positioned a t the in i t ia t io n  codon 
AUG so th a t the ribosomes s ta r t  tra n s la tio n  a t the correc t po in t on the 
mRNA.
The th ird  stage o f protein  synthesis is  the elongation o f the polypeptide  
chain which occurs in three major steps. The f i r s t  o f these is  the bindi 
o f the incoming ami noacyl-tRNA to the ami noacyl s ite  on the 80S 
ribosome fa c i l i ta te d  by the binding o f an elongation fa c to r and GTP 
to the ami noacyl-tRNA. This step can be in h ib ite d  by certa in  a n tib io t ic s  
p a rt ic u la r ly  the te tra c y lin e s .
The second step in  elongation concerns the formation o f the peptide  
bond between the methionyl-tRNA and the ami noacyl-tRNA which is  catalysed  
by peptidyl transferase and resu lts  in  the displacement o f tRNA from 
the peptidyl-tRNA a t the peptidyl s ite .
The a n t ib io t ic  puromycin can in h ib it  protein synthesis a t th is  stage 
by becoming bound to the ami noacyl s ite  resu ltin g  in  the formation of 
a covalent peptidyl puromycin d e r iv a tiv e . Since th is  d e riv a tiv e  is  not 
recognised by the mRNA elongation is  halted and protein  synthesis 
in h ib ite d .
The th ird  step in  elongation o f the polypeptide chain is  tran s lo ca tio n .
The ribosome now moves to the next codon on the mRNA and s h if ts  the 
newly formed peptidyl-tRNA from the aminoacyl to the peptidyl s ite  on 
the ribosome leaving the aminoacyl s ite  free  to accept another 
aminoacyl-tRNA. This step requires a s p e c ific  elongation fa c to r  as w ell 
as GTP and Mg++. In eukaryotic c e lls  th is  elongation fa c to r (EF2) can be 
in activa ted  by d iph theria  toxin  resu ltin g  in  an in h ib it io n  o f tra n s lo ca tio n .
The f in a l stages o f protein  synthesis involve the term ination o f the 
polypeptide chain formation which is  s ignalled  by a special term ination  
codon on the mRNA. Releasing factors  then promote the release o f the 
completed polypeptide chain from the ribosome. The completed polypeptide  
chain may then undergo covalent m odification  to y ie ld  i ts  b io lo g ic a lly  
active  form.
Some other in h ib ito rs  o f protein  synthesis include chloramphenicol 
which blocks the peptidyl tra n s fe r reaction in  m itochondrial p ro tein  
synthesis. Cycloheximide blocks peptide bond formation in  extram itochondrial 
protein  synthesis. Both chloramphenicol and cycloheximide bind to  the 
large ribosomal subunits o f d issociated ribosomes.
Streptomycin on the other hand binds to the small ribosomal subunit o f  
prokaryotic c e lls  causing in h ib it io n  o f protein  synthesis and misreading 
of the genetic code on the mRNA. Other aminoglycoside a n tib io tic s  l ik e  
the neomycins and kanomycins act in  a s im ila r  fashion.
The a lk a lo id  emetine in h ib its  the binding o f ami noacyl-tRNAs. Abrin and 
r ic in ,  which are to x ic  p lan t p ro te in s , in h ib it  protein  synthesis in  
eukaryotic c e lls  by in a c tiv a tin g  the 60S subunit o f the ribosome and thus 
blocking elongation.
1.6 ACTIVE METABOLITES AND TOXICITY
One o f  the main functions o f the l iv e r  is  to metabolise drugs and 
foreign compounds to more polar compounds to f a c i l i t a t e  th e ir  
excretion . The main route o f e lim in atio n  is  v ia  the kidney, excretion  
via  the b i l ia r y  system, the in te s tin e  and the lungs being secondary 
to th is  route. During recent years research in to  drug metabolism has 
demonstrated th a t many fo re ig n  compounds are metabolised to potent 
a lk y la t in g , a ry la tin g  or fre e  rad ica l interm ediates which are in  fa c t  
more to x ic  than th e ir  parent compounds. . These reac tive  interm ediates  
are very short live d  and many exert th e ir  to x ic  action by binding  
ir re v e rs ib ly  to tissue macromolecules. The lesions caused by th is  
type o f reaction  are normally located in  the part o f the m etabolising  
tissue which contains the enzyme pathways responsible fo r  th e ir  
metabolic a c tiv a tio n . Many o f the i n i t i a l  concepts o f m etabolic  
a c tiv a tio n  were developed during studies o f chemical carcinogenesis 
(M i l le r  and M il le r ,  1947, 1951 and 1966). I t  is  now known th a t s im ila r  
reactions occur w ith some drugs a t  high dosage leve ls  ( G i l le t te  e t  a l , 
1974, M itch e ll and Jollow , 1975). The reac tive  m etabolites can lead to 
various to x ic it ie s  including c e l lu la r  necrosis, cancer,.m utations, 
immunological reactions, blood dyscrasias and fo e ta l damage. A few 
examples o f these types o f agents are given in  Table 1, some w il l  be 
discussed in  more d e ta i l .
The hepato tox ic ity  o f carbon te tra c h lo rid e  has been extensive ly  
investigated  (Recknagel, 1967). I t  was not u n til 1965-1966 th a t  
evidence th a t the metabolism o f carbon te tra c h lo rid e  was essentia l fo r  
i t s  to x ic ity  was published (Goshal and Recknagel, 1965; S la te r ,  1966; 
McLean and McLean, 1966). I t  was demonstrated in v it ro  th a t the carbon 
te tra c h lo rid e  s tim ulation  o f l ip id  peroxidation in  l iv e r  microsomes 
is  dependent on a supply o f NADPH, suggesting the involvement o f the 
NADPH-cytochrome P450 complex. This was supported by the fa c t  th a t  
phenobarbital induction o f the complex g re a tly  increased the to x ic ity  
o f carbon te tra c h lo rid e  (McLean and McLean, 1966). I t  has since been 
suggested th a t the most l ik e ly  reac tive  product o f metabolism is  the 
trichlorom ethyl ra d ic a l, CCl^. Gordis (1969) showed th a t the C C 1g ro u p  
attaches covalently  to l ip id s  and p ro te in s , the pattern produced by 
la b e lle d  CCl^ in  vivo being s im ila r  to th a t obtained a f te r  producing
Table 1.
Toxic Agent References
CC14 ) S la te r (1972)
CBrCl3 Koch e t a l  (1974)
Halothane J Burdino e t al (1973)
Wood e t a l  (1976)
Dimethylnitrosamine j  Magee e t al (1976)
( Gravela e t  a l  (1974)
Trichloroethylene Van Duuren and Banerjee (1976)
Vinyl Chloride j B o lt sLsl (1976)
( Kappus e i  a l  (1976)
Carbon Disulphide De M atteis and Seawright (1976)
Paracetamol j Oollow e t a l  (1973)
( Labadarios e t  a l  (1 9 /7 ).
A fla to x in Patterson (1978)
N-acetylaminofluorene M il le r  (1970)
Substituted azobenzenes Kadlabar e t  al (1976)
Ison iazid Nelson e t a l  (1976)
/  Nakatsugawa and Dahm (1967)
Parathion < Ptashne e t a j  (1971)
Poore and Neale (1972)
Phenyl thiourea j De M atteis and Seawright (1976)
a -naphthylisothiocyanate 1
Examples o f to x ic  agents th a t require metabolic a c tiv a tio n  in  the 
l iv e r  in  order to exert th e ir  f u l l  po ten tia l as hepatotoxins (S la te r ,  
1978).
the CCl^ rad ical in  v itro  in the presence o f l iv e r  microsomes. Studies 
by Uehleke e t .a l  (1973) and Recknagel . e t . a l  (1976) have shown th a t  
covalent binding by CCl^ occurs anaerobically  as well as a e ro b ic a lly , 
but l ip id  peroxidation (which is  a consequence o f CCl^ production) only 
occurs in  the presence o f oxygen. Associated w ith the l ip id  peroxidation  
is  the lib e ra tio n  o f b io lo g ic a lly  reac tive  breakdown products, some 
o f which cause increases in c a p illa ry  perm eability  and p la te le t  
aggregation (Ugazio jet ert, 1976). I t  can be seen from the above 
e ffe c ts  th a t the m etabolic ac tiv a tio n  o f carbon te tra c h lo rid e  to the 
trichlorom ethyl rad ica l is  v i ta l  to the production o f i t s  hepatotoxic  
e ffe c ts .
Further work by S la te r e t a l  (1980) has id e n t if ie d , using techniques
including pulse rad io lys is  and e lectron spin resonance, a
more reac tive  free  ra d ic a l, C C l^ * ,  derived from carbon te tra c h lo rid e
a f te r  i ts  in te ra c tio n  w ith active  oxygen. The amount o f 0  ^ present
a t the s ite  o f C C l^-activation  may a f fe c t  the re a c t iv ity
o f the free  rad ical products and may, th e re fo re , have a q u a lita t iv e
and q u a n tita tiv e  a ffe c t  on the c e l lu la r  lesion produced by CCl^.
The halogenated hydrocarbon bromobenzene, which is  known to be 
hepatotoxic has been shown to be converted to a chem ically reac tive  
m etabo lite , bromobenzene 3 ,4  epoxide, by a cytochrome P450 mediated 
metabolism (Brodie e t al_, 1971: Jollow e t a l ,  1974a: and Zampaglione,
1973). About 70% o f th is  epoxide is  converted to a g lu tath ione  
conjugate by the g lutath ione transferases in the l iv e r .  The g lu tath ione  
conjugate is  then converted to a mercapturic acid which is  excreted  
via the kidney. I t  has been demonstrated th a t c e n tr ilo b u la r  necrosis  
o f the l iv e r  does not occur u n til the dose o f bromobenzene is  high 
enough to deplete the leve l o f g lu tath ione below a threshold le v e l.
When the g lutath ione leve ls  are reduced the epoxide m etabolite  
covalently  binds to tissue macromolecules causing tissue les ions.
The re la tio n s h ip  o f g lutath ione to hep ato tox ic ity  has been demonstrated 
fo r  other hepatotoxins including paracetamol which w il l  be discussed - 
in greater d e ta il in a la te r  section.
1.7 RELATIONSHIP OF ENZYME INDUCTION AND INHIBITION TO TOXICITY
The previous section demonstrated the importance of the cytochrome 
P450 mediated enzyme system in the metabolism of drugs and fo re ign  
compounds by the l iv e r .  I t  is  now known th a t the a c t iv ity  o f 
th is  system can be induced iji vivo by a number o f agents such as 
phenobarbitone (Conney, 1967; Goldstein et_ al_, 1974). Other known 
inducers include the carcinogenic hydrocarbon 3,4,benzypyrene, 
some o f the methylenedioxyphenyV compounds, ethyl alcohol and the 
stero id  hormones. I f  to x ic ity  is  metabolism mediated, induction  
o f the drug m etabolizing enzyme system w il l  increase to x ic ity .
This has been made use o f in  investigations o f the to x ic ity  o f 
drugs and chemicals in  experimental conditions. I t  is  also o f 
great importance in  the c lin ic a l s itu a tio n , esp ec ia lly  i f  
polypharmacy is  being p ractised . The co-adm inistration o f  
barb itu rates may enhance or diminish the to x ic ity  o f other drugs, 
or o f foreign chemicals present in  the body from other sources. I t  
has also become w idely recognised th a t there are inducers o f drug 
m etabolizing enzymes present in the environment and d ie t .  These must 
be taken in to  consideration when designing experiments w ith  
anim als, as any v a ria tio n  in  conditions o f the d ie t  or environment 
may produce d if fe re n t  resu lts  from those expected, e s p ec ia lly  when 
in ves tig a tin g  e ffe c ts  re la ted  to metabolism.
In h ib it io n  o f drug metabolism is  also o f great importance. A 
to x ic  response w il l  be reduced i f  to x ic ity  is  m etabolite mediated, 
or increased i f  the parent molecule is  the to x ic  agent. SKF 525A, 
or /?-diethylam i noethyl diphenyl propyl ace ta te , is  a potent in h ib ito r  
o f cytochrome P450 mediated drug metabolism w ith no pharmacological 
action o f i ts  own but w ith wide uses in  medical research. 
a-Naphthyl isocyanate and cobalt ch loride are also used as 
experimental in h ib ito rs .
Use o f in h ib ito rs  o f drug metabolism has been made in  the c lin ic a l  
s itu a tio n . D isu lfiram  produces very unpleasant side e ffe c ts  
including flu sh in g , dyspnoea, nausea, vomiting and hypotension, 
when i t  is  ingested concommitantly w ith a lcoho l. I t  has, th e re fo re , 
become a useful agent in  the treatm ent o f alcoholism . I ts  action  
is  thought to be due to the accumulation o f acetaldehyde (Hald e t
a l , 1948) caused by the in h ib ito ry  e f fe c t  o f d isu lfiram  on 
aldehyde dehydrogenase, an enzyme which normally oxidises  
acetaldehyde to ace tic  acid .
In h ib ito rs  o f the monoamine oxidase enzyme system have been used 
in  the treatm ent o f severe depression, fo r  example tranylcypromine 
and pargy line . A side e f fe c t  o f these drugs is  caused by ingesting  
tyram ine, a monoamine present in a number o f food s tu ffs  l ik e  
cheese and marmite. Tyramine would normally be rap id ly  oxidised  
by the monoamine oxidases, but i f  the la t t e r  are in h ib ite d  by 
compounds l ik e  tranylacypromine the tyramine w il l  accumulate and may 
cause serious lesions due to cardiovascular e ffe c ts  (Goldberg, 1964).
Another useful in h ib ito r  o f drug metabolism is  a llo p u r in o l, an 
in h ib ito r  o f xanthine oxidase which cata lyses-the oxidation o f 
xanthine to u ric  ac id . In gout u ric  acid production is  excessively  
high and a llo p u rin o l has proved to be o f great value in  a lle v ia t in g  
the su ffe rin g  caused by th is  disease.
1 .8  PARACETAMOL HEPATOTOXICITY
Paracetamol was used as the main model hepatotoxin in the research 
carried  out fo r  th is  th es is . A f u l le r  review o f the l i t e r a tu r e  
r e la t i  ng to paracetamol hepatotoxici ty  w i11, th e re fo re , be gi ven here.
Paracetamol (acetaminophen, N -acetyl-para-am ino-phenol) is  a 
commonly used analgesic w ith a n tip y re tic  p roperties . M .I.M .S . (the  
monthly index o f medical s p e c ia lit ie s , 1979) l is t s  fo r ty - f iv e  
preparations containing paracetamol which are in  regu lar use w ith in  
the United Kingdom. . Over two hundred preparations are l is te d  by 
Ameer (1977) as being used in  the United S tates . This drug was 
synthesized a t John Hopkins U n ivers ity  in  1877, and i t  was f i r s t  
used in  c lin ic a l medicine by von Mehring in  1893 (Spooner and 
Harvey, 1976). I ts  use in medicine did not become extensive u n til  
i t  was recognised as the princ ipa l ac tive  m etabolite o f a c e ta n ilid e  
and phenacetin by Brodie and Axelrod in  1949 (1948, 1949). Paracetamol 
is  now used reg u la rly  in  the treatm ent o f colds, coughs and mild  
pain , and i ts  use in  preference to a s p ir in , which is  known to cause 
bleeding, is  encouraged (Madan, 1976). In a double b lin d  t r i a l
carried  out by M ielke_et a l  (1976) a sp irin  was shown to have 
e ffe c ts  on bleeding tim e, p la te le t  aggregation and p la te le t  
fa c to r 3 re lease , whereas paracetamol did not demonstrate these 
e f fe c ts .
Paracetamol is  very safe when ingested a t the normal therapeutic  
dose, usually one gram taken up to four times d a ily . Large 
overdoses, however, are now known to produce hepatic necrosis.
This was f i r s t  reported to  occur in  ra ts  by Boyd and Bereczky (1966 ), 
followed by a report o f i t s  occurrence in  man by Davidson and 
Eastham (1966). Fatal hepatic necrosis has been demonstrated in  
ra ts  and mice (M itc h e ll e t  a l ,  1973a), hamsters (Davis e t  a l ,
1974), dogs (Gazzard j i t  a l ,  1975) and man (P rescott e t  a l ,  1971).
The evidence suggests th a t the minimum le th a l dose in  ad u lt 
humans is  about 25g (Proudfoot and W right, 1970), although Prescott 
and Wright (1973) reported a fa ta l case a f te r  ingestion o f only 18g. 
One o f the main problems associated w ith paracetamol is  i t s  usage 
in s e l f  poisoning. In 1973 alone about 5000 cases w ere'reported in  
B rita in  w ith about f i f t y  deaths (McLean, 1974). The normal blood 
leve ls  o f paracetamol a f te r  a 500-600 mg dose are between 5 and 
20 ju g/ml in  humans, to x ic  e ffe c ts  are not evident u n til i t  reaches 
300 ju g/ml (Madan, 1977).
Dixon e t  al_ (1975) carried  out a d e ta ile d  analysis o f the c e l lu la r  
events leading to necrosis using l ig h t -  and electron-m icroscopic, and 
histochemical studies in  ra ts  sa c rific e d  a t  in te rv a ls  o f up to fo r ty -  
eig h t hours fo llow ing  overdosage w ith paracetamol (3g per kg ). They 
found glycogen dep le tion , loss o f ribosomes and cytoplasmic m atrix  
sw elling commencing between three and s ix  hours a f te r  adm in istration  
o f a dose which caused frank coagulative necrosis between twelve and 
tw enty-four hours in  c e n tr ilo b u la r  hepatocytes. Midzonal c e lls  
showed more prominent aqueous sw ellin g , w ith ves icu la tion  o f the 
endoplasmic reticulum  and some hydropic vacuo!ation. There was an 
e a rly  tra n s ie n t r is e  in  succinate dehydrogenase a c t iv ity  follow ed by 
a progressive reduction between s ix  and twelve hours which appeared 
to p a ra lle l swelling and d isruption o f mitochondria in  degenerating  
c e lls .  There appeared to be no e a rly  involvement o f the lysosomes,
acid phosphatase a c t iv ity  being reduced only in c e lls  already  
n ecro tic . Between tw enty-four and fo r ty -e ig h t  hours macrophages 
accumulated in  the necro tic  zones where the phagocytosis o f c e l lu la r  
debris was accompanied by a prominent m ito tic  a c t iv ity  in. surviving  
hepatocytes.
B uttar e t  al_ (1976) investigated  the e ffe c ts  o f s u b -le th a l, but to x ic  
doses o f paracetamol, in  rats  using biochemical parameters as indices  
o f hep ato to x ic ity . They found dose-dependent e levations in a c t iv it ie s  
o f the serum enzymes g lutam ic-oxaloacetic transaminase, g lutam ic- 
pyruvic transaminase and so rb ito l dehydrogenase, together w ith an 
increase in  hepatic t r ig ly c e r id e  le v e ls , fo llow ing s ing le  doses o f 
0.5 and lg  per kilogram bodyweight. Maximal damage occurred w ith in  
twelve to  eighteen hours, hepatic fu n c tio n , in  terms o f serum enzymes 
and hepatic tr ig ly c e r id e  returning to normal, between fo rty -e ig h t, and 
seventy-two hours. They also found an increase in hexobarbital induced 
sleeping time in d ic a tin g  th a t paracetamol in h ib its  the microsomal 
enzyme a c t iv ity  o f the l iv e r .
Thorgeirsson-et aJ_ (1976) have investigated  s im ila r  parameters in  
mice using doses o f 400 mg/kg. They found decreases in  microsomal 
protein  concentration w ith in  three hours of paracetamol ad m in is tra tio n , 
reductions in cytochromes P450 and b  ^ occurring a f te r  nine hours, but 
no e ffe c t  on tr ig ly c e r id e  le v e ls . There was also a 60% reduction in  
in  vivo protein  synthesis measured by[3H)-Leucine incorporation in to  
to ta l l iv e r  p ro te ins .
The LD5q o f paracetamol in rats  was found to be 5.2g/kg (McLean and 
Day, 1975). This value was affected  by d ie t  w ith low protein  and yeast 
d ie ts  reducing the LD^q . In  a chronic study where ra ts  were given 
200mg/kg paracetamol fo r  200 days no adverse e ffe c ts  were found 
(Thomas e t  ail^ , 1977). I t  has also been demonstrated to have no 
teratogenic e ffe c ts  in  rats  (Lubway and Burriss G a rre tt, 1977), or 
mice (Lambert and Thorgeirsson, 1976).
The c lin ic a l s ign ificance o f paracetamol to x ic ity  in  man has generated 
a lo t  o f research in to  the mechanism by which paracetamol manifests 
i t s  to x ic ity .  Much o f th is  work has been carried  out a t  the National
In s t itu te  o f Health (Bethseda, U .S .)*  M itche ll e t  al_ (1973a) demonstrated 
th a t pretreatm ent o f ra ts  and mice w ith phenobarbitone or 3-methyl 
cholanthrene, inducers o f drug metabolism, increased the disappearance 
o f paracetamol from the plasma and tissues o f the animals and increased 
the se v e rity  o f hepatic necrosis. Conversely pretreatm ent w ith  
in h ib ito rs  o f drug metabolism, cobalt ch loride and piperonyl butoxide, 
in h ib ite d  the metabolism and disapperance o f paracetamol from the 
tissues , y e t protected against necrosis. On the basis o f these 
observations they postulated th a t paracetamol-induced h ep ato to x ic ity  
is  mediated by a to x ic  m etabolite o f paracetamol.
Covalent binding o f rad io lab e lle d  paracetamol to mouse l iv e r  protein
was found to be dose-dependent (Jollow  e t a l ,  1973), as was hepatic
necrosis. Pretreatm ent w ith inducers or in h ib ito rs  o f drug metabolism
were found to have e ffe c ts  on the degree o f covalent binding which
corre la ted  w ith  e ffe c ts  on necrosis. I t  was, th e re fo re , suggested
th a t the hepatic necrosis may be caused by the covalent binding o f a
chemically reac tive  m etabolite o f paracetamol to v i ta l  hepatic
macromolecules. Further studies by P o tter e t  a l  (1973) on the binding  
3o f H-paracetamol to  hepatic microsomes in v it ro  demonstrated th a t the 
binding was mediated by a cytochrome P450 dependent mixed function  
oxidase. The treatments which a lte re d  the to x ic ity  o f paracetamol 
in  vivo s im ila r ly  a ffe c te d  the extent o f binding in  v it r o  in d ic a tin g  
th a t in vi tro  binding was a v a lid  index o f paracetamol h ep a to to x ic ity .
P otter j i t  a l (1973) also investigated  the binding o f 2-acetylam ino- 
fluorene demonstrating th a t i ts  binding was also dependent on 
cytochrome P450. The to x ic ity  o f 2 -acety l aminofluorene is  thought to 
re s u lt  from i ts  conversion to an N-hydroxy d e riv a tiv e  (Grantham e t a l ,  
1965). The s im ila r it ie s  between the two compounds suggested th a t the  
hepatotoxic m etabolite o f paracetamol might also be an N-hydroxy 
d e riv a tiv e .
The a ry la tio n  by the hepatotoxic m etabolite o f paracetamol was found 
to be prevented in  v itro  by the add ition  o f e le c tro p h ilic  sulphydryl 
compounds l ik e  g lutath ione and cysteine (P o tte r e t  a l ,  1973).
M itche ll e t  a j  (1973b) then demonstrated th a t g lutath ione also  
protected against hepato tox ic ity  in  vivo in  mice. Pretreatm ent o f
/
mice w ith d ie thy l m aleate, which depletes g lu ta th ione , potentia ted  
paracetamol-induced necrosis. Paracetamol caused a dose dependent 
depletion o f g lu ta th io n e , w ith covalent binding o f the tox ic  
interm ediate to the tissue macromolecules not occurring u n til the 
glutath ione had been depleted by more than 70%.
Davis e t  al (1974) investigated  the hepatotoxic e ffe c ts  o f paracetamol 
in  d if fe re n t  animal species find ing  th a t the mouse and hamster were 
more susceptible to hep ato tox ic ity  than the ra t  and guinea p ig .
The sev erity  o f damage was corre la ted  to the ra te  o f formation o f 
the a ry la tin g  m etabolite by the hepatic microsomal enzymes, and to 
the ra te  o f depletion o f g lu ta th io n e . The N-hydroxylation o f
2-acetylam inofluorene, also an N -acetylarylam ine, occurs to a g reater  
exten t in  those species more susceptib le to paracetamol-induced 
h ep ato to x ic ity , fu rth e r  supporting the theory th a t the to x ic  m etabolite  
o f paracetamol resu lts  from N-hydroxylation.
I t  is  known th a t drug-glutath ione conjugates are fu r th e r  metabolised  
jn  vivo and appear in  the urine as mercapturic acids- (Boyland, 1971). 
Investigations by Jollow e t a] (1974b) demonstrated th a t the amount o f 
paracetamol metabolised to a mercapturic acid was greater in  the species 
more susceptib le to to x ic ity .  When the dose o f paracetamol reached 
hepatotoxic leve ls  the fra c tio n  o f the dose excreted as the 
mercapturic acid decreased markedly, supporting the evidence th a t  
glutath ione is  depleted in  paracetamol h ep ato to x ic ity . They also  
suggested th a t the normal metabolic interm ediate which conjugates 
w ith g lu tath ione in  the mercapturic acid pathway could also be the 
e le c tro p h ilic  m etabo lite , which in  the absence o f g lu tath ione a ry la tes  
hepatic macromolecules and causes c e ll death.
Further studies were carried  out in  hamsters, a species very  
susceptible to paracetamol to x ic ity ,  which are known to N-hydroxylate  
other N-acetylarylam ines more ra p id ly  than other species (P o tte r e t  a l ,
1974). 3-Methylcholanthrene pretreatm ent increased the s e v e rity  o f the 
damage whereas phenobarbitone did not. Further studies on the metabolism  
o f other N-acetylarylam ines demonstrated th a t 3-methylcholanthrene 
induced N-hydroxylation, whereas phenobarbitone in  hamsters increased  
the glucuronidation o f the parahydroxyl group o f paracetamol which, is
a detoxify ing  reaction resu ltin g  in  a fa s te r  clearance o f  
paracetamol from the tissues.
Figure 4 shows the postulated metabolic pathway fo r  paracetamol 
(M itc h e ll e t  al_, 1976a) which suggests th a t the to x ic  pathway is  v ia  
an N-hydroxy d e riv a tiv e  o f paracetamol to an imidoquinone, which then 
ir re v e rs ib ly  binds to the c e l lu la r  macromolecules, leading to necrosis 
and death o f the l iv e r  c e lls .  The g lutath ione conjugate is  excreted  
as a mercapturic acid which has been id e n t if ie d  in  the urine o f animals 
and man (M itc h e lle t  al_, 1974). On the basis o f th is  observation th a t 
metabolism o f paracetamol in  humans also involves g lutath ione much 
research is  now being d irected  to find ing  an antidote to  paracetamol 
overdosage. M itche ll e t  al_ (1974) suggested cysteamine, a sulphydryl 
group containing compound which protected against the to x ic  e ffe c ts  of 
paracetamol in  anim als, supported by Gazzard e t al (1974). Boyland and 
Chasseaud (1969) give fu rth e r  support to the ro le  played by g lu tath ione  
in  mercapturic acid biosynthesis. S im ila r ly  there is  much evidence to  
support the ro le  o f the cytochrome P450 mixed function oxidases in  the 
formation o f active  m etabolites (Sims and Grover, 1974; Jerina and Daly 
.1964; and Nebert e t  a l , 1975). -
In fu rth e r  studies by Davis e t  al_ (1976) on species v a ria tio n  i t  was 
postulated th a t the d if fe re n t  s u s c e p tib ilit ie s  o f animals to  
paracetamol to x ic ity  could be due to d if fe r in g  capacities to synthesize  
g lu ta th io n e , or to  form glucuronide or sulphate conjugates. They found 
th a t the sulphate conjugation o f paracetamol was a saturable process 
which could, th e re fo re , lead to a g reater formation o f to x ic  m etabo lite . 
S la tte ry  and Levy (1977) have suggested the use o f inorganic sulphate 
as a p ro tec tive  agent against to x ic ity  by i t s  a b i l i t y  to  increase the 
sulphate conjugating cap acity , having demonstrated a reduction o f 
to x ic ity  in  mice a f te r  tre a tin g  w ith sodium sulphate.
Further work is  s t i l l  being carried  out to determine the id e n t ity  
o f the to x ic  metabolic in term ed iate, and to develop the ideal therapy 
in  overdosage o f paracetamol, as w ell as continuing studies to  
develop animal models o f to x ic ity .  Already some doubt has been cas t, 
on the actual mechanisms already postulated', by Labadarios e t  al_, (1977)
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Postulated metabolic pathways of paracetamol (M itch e ll e t  a l , 1976a)
They demonstrated th a t a sulphydryl type compound, a-m ercaptopropionylglycine* 
reduced necrosis but did not a ffe c t  the degree of covalent binding in mice. 
They concluded th a t the binding o f the reac tive  m etabolite o f paracetamol 
to hepatocyte macromolecules need not lead to hepatic necrosis provided 
th a t sulphydryl groups are present in  the l iv e r  to prevent the 
deleterious e ffe c ts  o f such binding.
More recently  N-hydroxyparacetamol has been synthesized by Gemborys 
e t ^ I  (1978 ), This postulated m etabolite o f paracetamol, 
a t a physiological pH in  v i t r o , is  fa r  more stab le than previously  
suggested w ith a h a l f - l i f e  o f s l ig h t ly  less than 20 minutes.
N-hydroxyparacetamol has been shown to deplete g lutath ione and cause 
hep ato tox ic ity  (Healey e t a l , 1978). McMurtry e t  al (1978) have demonstrated 
th a t the kidney to x ic ity  which can also be* produced by paracetamol is  
probably due to a m etabolite produced in  s itu  since pretreatm ent w ith
3-methylcholanthrene increased l iv e r  but not kidney to x ic ity .
I t  could be expected th a t i f  the N-hydroxy m etabolite was responsible  
fo r  to x ic ity  production.increased production in  the l iv e r  would also 
cause increased kidney to x ic ity  since the h a l f - l i f e  is  r e la t iv e ly  long.
This however is  not the case. These resu lts  have therefore  questioned 
the postulate th a t N-hydroxyparacetamol is  the to x ic  m etabolite  
( G i l le t te ,  1981).
De Vries (1981) has suggested th a t the hepatotoxic action o f paracetamol 
is  dependent upon oxidation to a tox ic  m etabolite v ia  another pathway.
He postulated th a t oxidation o f paracetamol or tra n s fe r o f e lectrons  
to a semiquinone, which is  more reac tive  than the quinoneimine, is  
th e o re tic a lly  possible and can also explain the conjugation o f  
glutath ione:
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The hep ato tox ic ity  o f paracetamol may therefore  be due to in a c tiv a tio n  
o f in tr a c e llu la r  proteins v ia  the reac tive  semiquinone or ac tive  
oxygen species.
The to x ic  m etabolite o f paracetamol s t i l l  remains u n id e n tifie d . Furthermore 
the complete mechanistic pathway involved in  the production o f the to x ic  
m etabolite o f paracetamol has not been completely e luc idated .
C H A P T E R  2
I S O L A T E D  H E P A T O C Y T E S
ISOLATED HEPATOCYTES
2.1 INTRODUCTION
The use o f iso la ted  c e ll systems has become widespread in  recent 
years due to the development o f re lia b le  is o la tio n  techniques. This 
area o f research has become important fo r  two main reasons.
F ir s t ly  the increasing use o f animals in  the tes tin g  o f drugs and 
chemicals has led to c r itic is m  from the general public who fee l th a t  
the use o f large numbers o f animals is  not only unnecessary, but 
also c ru e l. Recently a number o f pressure groups have been formed 
to voice these fee lin g s  more fo rc e fu lly . Research labora to ries  and 
pharmaceutical companies have become the targets o f a n ti-v iv is e c tio n  
groups who w il l  do th e ir  utmost to stop any animals being used in  
experiments. Although researchers and in d u s tr ia lis ts  are sympathetic 
towards these views they have to comply w ith the increasing demands o f  
regulatory agenc.ies to provide evidence fo r  the safety o f th e ir  products 
from animal te s ts . Many s c ie n tis ts , however, are becoming aware o f  
the need to develop a lte rn a tiv e  methods fo r  the safety  screening o f  
drugs and chemicals which w il l  u t i l is e  less animals. .Hence much 
research is  now d irected  towards developing in v itro  screening tes ts  
fo r  pred icting  the safety  o f chemicals. One area in  which some progress 
has been made is  the tes tin g  o f chemicals fo r  mutagenic p o te n tia l. A 
number o f tests  have been designed which u t i l is e  b a c te ria , yeasts , 
drosophila f l ie s  or cultured mammalian c e lls  ra ther than whole animals. 
The use o f these types o f tests  is becoming routine among chemical and 
pharmaceutical companies although many o f the tests  have given equivocal 
resu lts  in  some cases which are d i f f i c u l t  to in te rp re t. There is  
therefore  a need to develop and va lid a te  in v it r o  tes ts  which w il l  
enable drugs and chemicals to be tested fo r  po ten tia l to x ic ity .  Iso la te d  
hepatocytes provide one possible a lte rn a tiv e  which uses small numbers o f 
animals. I f  these types o f tests can be developed the number o f chronic 
to x ic ity  tests which a t the present time have to be carried  out on 
animals may be reduced, together w ith the vast f in a n c ia l investments 
necessary to develop new and safer products. This la s t  point is  
becoming a major fa c to r in l im it in g  o rig in a l research aimed a t  find ing  
new drugs.
Secondly the recent advances in  biomedical research have demonstrated 
th a t c e llu la r  functions and the mechanisms o f action o f to x ic  agents 
are very complex. Iso la ted  c e lls  provide an experimental tool 
whereby mechanisms may be investigated  in  a system removed from the 
many influences involved in whole animal experimentation including  
pharmacokinetics, environmental and hormonal contro ls .
The l iv e r  is  a major organ w ith in  the body involved in  endogenous and 
exogenous metabolism and i t  is  the p rinc ipa l ta rg e t organ fo r  the to x ic  
action o f many chemicals. I t  is therefore  p a r t ic u la r ly  re levant to 
use i t  in an iso la ted  s itu a tio n . The fa c t  th a t i t  is e a s ily  removed 
from the body and i ts  texture  renders i t  su itab le  fo r  the manipulations 
required fo r  the is o la tio n  o f separate c e lls  is  a great advantage.
The l iv e r  contains a number o f d if fe re n t  c e ll types which f a l l  w ith in  
two main classes, parenchymal and non-parenchyma1. Parenchymal ce lls  
are now known to have d if fe re n t  functions dependent on th e ir  location  
w ith in  the l iv e r  acinus. I t  is  therefore  important th a t the y ie ld  
o f c e lls  iso la ted  from a l iv e r  should be high enough to provide a 
sample containing representative numbers o f the d if fe re n t  c e ll types.
2.2 ISOLATION TECHNIQUES
The techniques i n i t i a l l y  employed fo r  is o la tin g  l iv e r  c e lls  used 
chemical and mechanical means. Although the c e ll y ie ld s  were often  
high the v ia b i l i t y  was in v a ria b ly  very low, the m ajo rity  o f the c e lls  
having damaged plasma membranes. The many studies reported using these 
c e lls  were, th e re fo re , inadequate as they were not representative  
o f in vivo functions. Many o f these studies have been reviewed by 
Schreiber and Schreiber (1973).
In 1967 Howard et _al_ introduced a technique involving d igestion o f the 
l iv e r  w ith a mixture o f enzymes, collagenase and hyaluronidase. The
4* +l iv e r  was i n i t i a l l y  perfused w ith the enzymes in  a Ca -  free  so lution  
in  the co ld , th is  was followed by s lic in g  the tissue and incubating the 
s lices  w ith the enzymes a t 37°C. This method produced c e lls  w ith  a 
more acceptable v ia b i l i t y  but the y ie ld  was s t i l l  r e la t iv e ly  low. The 
major breakthrough came when Berry and Friend (1969) f i r s t  described 
a technique fo r  the perfusion o f the l iv e r  w ith collagenase under 
physiological conditions .which resulted in  high y ie ld s  o f in ta c t  c e lls .  
This technique is  r e la t iv e ly  d i f f i c u l t  to carry ou t, and numerous 
m odifications have been introduced by d if fe re n t  research groups. This 
has resulted in  a number o f problems associated w ith the standard isation  
o f the technique, and comparisons o f resu lts  between d if fe re n t  
lab o ra to ries .
Fry_et_al (1976) introduced a fu rth e r s ig n ific a n t m odification  in  the 
technique which removed the perfusion. Their technique involves the 
enzymic digestion o f l iv e r  s lices  with collagenase and hyaluronidase. 
This is  the method th a t was used fo r  the research presented here and i t  
w il l  be described in  f u l l  in the methods section . This method has a 
number o f advantages over the other ava ilab le  techniques, the main 
one being th a t i t  does not require the sophisticated surgical operations  
necessary to set up a l iv e r  perfusion, which means th a t the operators  
do not require a Home O ffice  animal licence . The method may also be 
applied to pieces of l iv e r  tissue including biopsy samples from humans 
and la rg e r mammals, which may enable more d ire c t comparisons to be made 
between animals and humans. The c e ll y ie ld  by th is  method is  lower than 
th a t obtained by perfusion but the v ia b i l i t y  is  high and the numbers are
adequate fo r  a wide range o f experiments. The technique employed 
p re fe re n tia lly  iso la tes  the parenchymal c e lls  o f the l iv e r ,  which 
have been shown to have in ta c t plasma membranes, and carry out a number 
o f biochemical functions which require the presence o f in ta c t  and 
functional hormone receptor s ite s  and a f u l l  status o f endogenous 
cofactors (Fry_et _aT, 1976). Cells have been iso la ted  from a number 
of d if fe re n t  species by th is  technique, and a method has also been 
developed to cu ltu re  the hepatocytes in  primary monolayers.
2 .3  BIOCHEMICAL AND MORPHOLOGICAL CHARACTERISTICS OF ISOLATED 
HEPATOCYTES
A large number o f studies are documented concerning the functional 
and morphological ch a ra c te ris tics  o f iso la ted  hepatocytes using the many 
varia tion s of the is o la tio n  methods. A short review o f  the more 
recent studies w il l  be given here. There are a number o f more comprehensi 
reviews ava ilab le  (Seglen, 1976c; Jeejeebhoy and P h il l ip s ,  1976; Fry 
and Bridges, 1979)
P rio r to using iso la ted  hepatocytes i t  must be demonstrated th a t the 
c e lls  are in ta c t  and fu n c tio n a lly  v ia b le . The most w idely used method 
fo r  determining v ia b i l i t y  is  dependent on the a b i l i t y  o f c e lls  w ith an 
in ta c t plasma membrane to exclude dyes l ik e  trypan b lue, n igrosin  and 
eosin (P au l, 1970). This technique is  quick and simple and i's 
considered by many to be the most r e l ia b le ,  however some workers have 
questioned i ts  accuracy and suggested other methods. Expression o f the 
c e l l 's  metabolic capacity , e .g . i t s  a b i l i t y  to synthesize glycogen or 
re s p ire , have been suggested as a lte rn a tiv e s . These methods, however, 
are not completely re lia b le  as there is  an in tr in s ic  v a r ia b i l i t y  in  the 
c e lls  capacity to carry out various metabolic functions. Damaged c e lls  
w ill  continue to resp ire  due to the presence o f in ta c t m itochondria, 
s im ila r ly  other c e llu la r  functions con tro lled  by su b ce llu la r organelles  
may continue to be a c tiv e . Baur e t al_ (1975) compared a number o f 
d iffe re n t  methods fo r  evaluating c e ll v ia b i l i t y ,  suggesting th a t the 
measurement o f c e llu la r  potassium leve ls  and membrane p o ten tia l may be 
more su itab le  c r i t e r ia .  The loss and uptake o f c e l lu la r  potassium 
is ,  however, a revers ib le  process and may not be a true in d ic a to r o f 
c e llu la r  damage. The leakage o f soluble enzymes has also been u t i l is e d  
and is  probably equivalent to the trypan blue te s t in  assessing 
ir re v e rs ib le  membrane damage. I f  i t  is  accepted th a t the la t t e r  te s t
is  only a measure o f gross s tru c tu ra l in te g r ity  and not necessarily  the 
c e lls  true v ia b i l i t y ,  i t  is  probably the most re lia b le  parameter fo r  
assessing the success o f a c e ll is o la tio n  procedure. The survival 
of the c e ll a f te r  th is  in i t i a l  trauma is  dependent on many factors  
including the incubation media and conditions.
Iso lated  parenchymal l iv e r  c e lls  are spherical in  shape w ith the 
whole of th e ir  surface covered w ith m ic ro v ill i  (Seglen, 1976c). The 
in te rn a l s tructure  is  the same as th a t o f the organised tissue (Howard 
et_ al_, 1967; Berry and Friend, 1969; Moldeus e t a l ,  1974).
Specialised membrane regions l ik e  b ile  c a n a licu li do not appear to be 
present on the surface of the c e l l ,  although these may reappear when 
the c e lls  are cu ltured .
Many facets o f carbohydrate metabolism have been investigated  in
iso la ted  ra t  hepatocytes, w ith resu lts  suggesting th a t they c losely
resemble the in ta c t perfused l iv e r .  C ells iso la ted  from fed rats
re ta in  glycogen, and synthesize glucose which is  released in to  the
surrounding medium, whereas c e lls  iso la ted  from starved ra ts  contain no
glycogen and can only synthesize glucose in the presence o f added
substrates l ik e  la c ta te  and pyruvate (Garrison and Haynes, 1973;
Geelen e t al_, 1977; Story e t al_, 1976; M ullhofer et al_, 1977).
Gluconeogenesis is  stim ulated by hormones and cy c lic  nucleotides
(Garrison and Haynes, 1973; P ilk is  e t al_, 1975). Further work on the
hormonal control o f gluconeogenesis has been reported by Byus e t  al
(1976 ), Riou e t  al_ (1976 ), Arinze (1977) and Siess _et al_ (1977 and 1978).
More s p e c ific  studies on the leve ls  o f c yc lic  AMP in ra t  hepatocytes
and i ts  re la tio n sh ip  to gluconeogenesis have also been reported (Moxley
and A lle n , 1975; Birnbaum and Fain , 1977; Fain and Shepherd, 1977;
Chan and Exton, 1977). Hems e t (1978) found th a t glycogen breakdown
stim ulated by hormones is  dependent on the presence o f e x tra c e llu la r  
++Ca . D iochloroacetate has also been shown to in h ib it  gluconeogenesis 
in  iso la ted  hepatocytes (S tacpoo le,1977; Demaugre_et_al, 1978).
Walker (1977a) found th a t iso la ted  hepatocytes are influenced by d iurnal 
rhythms, th e ir  a b i l i t y  to synthesize glycogen being a ffec ted  by the 
time o f day a t which they are prepared.
Iso la ted  ra t  hepatocytes w il l  synthesize fa t ty  acids and g ly c e ro lip id s . 
So ler-A rg ilaga e t al_ (1978) have demonstrated th a t calcium plays a ro le  
in fa t ty  acid synthesis, a depletion reducing the basal ra te  o f 
tr ia c y l glycerol synthesis and diminishing the e ffec ts  o f glucagon 
and the cyc lic  nucleotides. A lte ra tio n s  in the d ie ta ry  status o f 
animals a ffe c t  the synthesis o f g ly c e ro lip id s , these being re fle c te d  
by iso la ted  ra t  hepatocytes (Groener and van Golde, 1977). The same 
authors have also investigated  the ro le  played by exogenous and • 
endogenously synthesized fa t ty  acids in  g ly c e ro lip id  synthesis 
(Groener and van Golde, 1978). Akesson e t al_ (1976) investigated  the 
metabolism o f s p e c ific  monoacyl phospholipids find ing  th a t the 
monoacyl phospholipid acyl transferase reactions operating a t positions  
one or two y ie ld  d if fe re n t  saturated acyl chain p ro file s  in  phospati- 
dylethanolamine and phosphatidylcholine o f a s p e c ific  unsaturation.
This is  o f importance because many membrane functions are re la te d  to 
the physical s ta te  o f membrane l ip id s .  Iso la ted  ra t hepatocytes w il l  
synthesize cholesterol (Gibbons and P u llin g e r, 1977). F atty  acid  
synthesis is  s ig n if ic a n tly  in h ib ite d  by very low density lipop ro te ins  
whereas cholesterol synthesis is  not (Lakshmanan e t al_, 1977). Panek 
e t a l  (1977) reported th a t both fa t ty  acid and cholesterol synthesis 
were in h ib ite d  by 5 -(te tra d e c y lo x y )-2 -fu ro ic  ac id , a l ip id  lowering 
agent. Hormones also play an important ro le  in  fa t ty  acid and 
g lycero lip id  synthesis in the l iv e r .  Geelen e t  al_ (1978) investigated  
the influence o f glucagon and in su lin  on the synthesis o f g ly c e ro lip id s , 
and Ochs and H arris (1978) have studied the re la tio n sh ip  between 
g lyco lys is , lipogenesis, gluconeogenesis and pyruvate kinase a c t iv ity  
in  iso la ted  ra t  hepatocytes.
Urea is  synthesized by the l iv e r  from aspartate and ammonia. Rognstad
(1977) has shown th a t production o f ammonia by the p ro lin e  nucleotide  
cycle is  not a major pathway because hadacidin which in h ib its  th a t  
pathway does not in h ib it  urea synthesis in  ra t  l iv e r  c e l ls .  L-Norvaline  
and L-leucine however do in h ib it  urea synthesis with th e ir  main s ite  of 
action a t o rn ith in e  transcarbamylase. Hensgens e t al_ (1978) suggest 
th a t the synthesis o f urea from pro line  is p rim a rily  lim ite d  by the 
ra te  of formation o f ammonia from glutamate v ia  glutamate dehydrogenase. 
Further studies on ureogenesis in iso la ted  ra t  hepatocytes have been 
reported by M eije r e t  al_ (1978 ), Siess e t al_ (1977) and Triebwasser 
and Freedland (1977).
Iso lated  ra t  hepatocytes w il l  synthesize and secrete proteins (Seglen, 
1976 a and b ) , synthesis being measured by the incorporation o f
c e llu la r  p ro te ins . The incorporation ra te  varies depending on the 
concentration o f the c e lls  in suspension and the e x tra c e llu la r  amino 
acid concentration. Hepatic protein  synthesis is  subject to  
regulation  by amino acids, exem plified by the e f fe c t  o f alanine which 
when added to the e x tra c e llu la r  medium stim ulates synthesis. The 
substrates la c ta te  and pyruvate also stim ulate synthesis, th e ir  e ffe c ts  
being abolished by ami noacetate, an in h ib ito r  o f glutamic transaminases, 
in d ica tin g  the presence o f a p o s itive  control o f protein  synthesis by 
a transamination-dependent agent (Seglen and Solheim, 1978a). Seglen 
has also investigated  the nature o f the precursor pools fo r  pro tein  
synthesis using -V a lin e , an amino acid which is  not metabolised
to any s ig n ific a n t extent by the l iv e r .  The resu lts  suggested th a t  
both the in tr a c e llu la r  and e x tra c e llu la r  va line  pools can d ire c t ly  
provide precursors fo r  protein  synthesis, the re la t iv e  con tribution  
from each pool being proportional to the re la t iv e  va lin e  concentration  
in  th a t pool (Seglen and Solheim, 1978b). The e ffe c ts  o f b ioregulators  
and hormones on protein  synthesis and amino acid uptake have been 
investigated  by Donner e t al_ (1978) and Jeejeebhoy e t aT (1977 ). Van 
Bezooijen (1977) found th a t the synthesis o f to ta l proteins was 
increased in o lder rats aged between.24 and 36 months. Ricca e t  al
(1978) however reported an age re la ted  decrease in  p ro te in  synthesis  
in  ra t  hepatocytes. The e x tra c e llu la r  media and amino acids used by 
these two groups d iffe re d , however, which could explain th e ir  d if fe r in g  
re s u lts .
The normal process o f protein  degradation also occurs simultaneously  
with protein  synthesis in  iso la ted  hepatocytes (Seglen, 1977a).
Further studies in to  the control o f protein  degradation carried  out by 
Hopgood e£  al_(1977b) demonstrated th a t degradation o f p re lab e lled  
protein  was in h ib ite d  by in su lin  and certa in  amino acids, ammonia, 
proteinase in h ib ito rs  and by in h ib ito rs  o f ce ll-en ergy  production.
B ile  acids are also synthesized by iso la ted  ra t  hepatocytes (Yousef e t  
a l , 1978) a t a ra te , and with a composition, s im ila r  to th a t in v iv o .
ra d io a c tiv ity  from a lab e lle d  amino acid mixture in to  the
The uptake o f the b ile  acid taurocholate by iso la ted  hepatocytes 
is  in h ib ite d  by ch o les ta tic  s tero id  hormones (Schwarz e t  _al_, 1977) 
and tau ro lith o ch o la te  (Schwenk _et _al_, 1977). The resp ira to ry  
a c t iv it ie s  o f iso la ted  hepatocytes have been in ves tig a ted , showing 
th a t there is  no age-re lated  decline in  the functional in te g r ity  
o f the mitochondria (Brouwer _et _al_, 1977). Further studies on 
cytoso lic  phosphorylation states have been carried  out by van der 
Meer_et_al (1978). Evidence also strongly suggests th a t energy 
dependent, c a r r ie r  mediated, ac tive  transport systems are e x is te n t in  
iso lated  ra t  hepatocytes. This is  supported by the work on 
a -am inoisobutyric acid (Chen and Lee, 1977), ouabain (Eaton and 
Klaassen, 1978), ATP (Akerboom e t a l , 1977) and amino acids (Le 
Cam and Freychet, 1977 a and b; Edmondson _et ^1_, 1977).
2 .4  ISOLATED HEPATOCYTES IN CULTURE
The cu ltu ring  o f iso la ted  ra t  hepatocytes involves a number o f technical 
problems, with the re s u lt th a t re la t iv e ly  less studies have been 
carried  out in  primary monolayer cultures than w ith suspensions o f 
fre sh ly  iso la ted  c e lls .  The method o f c e ll is o la tio n  introduced by 
Fry £ t  aT (1976) may be carried  out under s te r i le  conditions which • 
has enabled the successful cu ltu rin g  o f adu lt ra t  l iv e r  c e lls .  One 
o f the major problems associated w ith c e ll cultures is  the loss o f 
certa in  specialised c e l lu la r  functions as the time in  cu ltu re  
increases, with the re s u lt th a t the c e lls  may eventually  bear no 
re la tio n sh ip  to the tissue from which they were o r ig in a lly  derived.
This is  esp ec ia lly  the case w ith c e ll lin e s  which are composed o f 
u n d iffe re n tia ted  e p ith e lia l c e lls .  A number o f workers have, th e re fo re , 
investigated the functional aspects o f primary monolayer cultures o f  
adult ra t  hepatocytes in some d e ta i l .
Functional studies carried  out by B isse ll e t aj_ (1973) demonstrated 
th a t c e lls  derived from regenerating adu lt l iv e r  synthesized pro te ins . 
They also produced glucose from la c ta te  and pyruvate in d ic a tin g  th a t  
gluconeogenesis was operational together with an in tegrated  in te ra c tio n  
between the mitochondrial and cytoplasmic compartments o f the c e l l .
The response o f the c e lls  to in su lin  and glucagon v e r if ie d  the presence 
of in ta c t receptors fo r  those hormones as w ell as demonstrating the
i
in te g r ity  o f the adenyl cyclase system. The structure  o f the smooth 
endoplasmic reticulum  was reta ined and the leve ls  of ATP returned to  
physiological leve ls  w ith in  a few hours o f incubation. Further 
studies were carried  out on glucose metabolism (B isse ll e t al_, 1978), 
showing th a t primary cultures u t il is e d  re la t iv e ly  small amounts of 
glucose l ik e  the in ta c t l iv e r ,  although on extended cu ltu re  th is  pattern  
changed to th a t observed in c e ll lines  where the u t i l is a t io n  o f glucose 
is  much g reater.
Studies carried  out by Tanaka et _al_ (1978 ), using adu lt c e lls  from 
normal ra t  l iv e r ,  demonstrated th a t some o f the functions lo s t during 
the c e ll is o la tio n  were recovered during cu ltu rin g . These included the 
induction o f tyrosine transaminase by dexamethasone, reaggregated 
polysomes, and the stim ulation  o f protein  synthesis by in s u lin  and 
dexamethasone which was in h ib ite d  by glucagon. They also demonstrated 
th a t the c e lls  secreted proteins in to  the medium, albumin, t ra n s fe r r in ,  
fibrinogen and lipop ro te ins  being s p e c if ic a lly  id e n t if ie d .
W illiams and co-workers (Laishes and W illiam s, 1976; W illiam s e t a l ,  
1977; W illiams _et ^al., 1978) have carried  out a systematic examination 
of the conditions a ffe c tin g  the primary c e ll cultures o f adu lt ra t  
hepatocytes find ing  th a t a medium supplemented w ith dexamethasone 
increased the survival time in  cu ltu re . Goldfarb et _al_ (1978) 
provided fu rth e r support fo r  the recovery o f the a b i l i t y  to synthesize  
l ip id s  and glycogen, and an improvement in morphology o f iso la te d  adu lt 
ra t  hepatocytes in primary monolayer c u ltu re .
Further studies on gluconeogenesis have been carried  out by O liv e r  
J2t_a l (1978 ), Walker (1977b) and K letzien  _et _al (1976). Pariza e t al
(1977) found th a t the induction o f amino acid transport by epinephrine 
is  independent o f cy c lic  AMP leve ls  in  primary cu ltu res , and Hopgood 
et_al (1977b) found c e lls  in primary cu ltu re  were more s en s itive  to the 
e ffe c ts  o f in s u lin  and glycogen on protein  degradation than hepatocytes 
in suspension.
Bellemann et abusing the is o la tio n  method o f Fry_et_al (1976) found 
th a t the .primary monolayer cultures re ta in  th e ir  metabolic and enzymic
ch a ra c te ris tics  fo r  several days (Gebhardt e t a l ,  1978). They also  
found th a t in  cultures derived from normal and alloxan d iab e tic  rats  
in su lin  stim ulated glycogen synthesis in  both, and protein  synthesis 
more e f fe c t iv e ly  in  normal c e lls  (Bellemann et al_, 1977a).
2 .5  DRUG METABOLISM IN HEPATOCYTE SUSPENSIONS AND CULTURES 
The metabolism o f xenobiotics in  c e ll suspensions and c e ll cultures  
has been well reviewed (Bridges and Fry, 1976; Fry and Bridges, 1977b; 
Orrenius _et_al_, 1977). The generally  accepted method fo r  the 
in vestig a tio n  o f drug metabolism in v itro  has been the use o f 
microsomes. There a re , however, a number o f reasons why su b ce llu la r  
frac tions  are probably not representative o f in vivo metabolism.
Tissue homogenization may l ib e ra te  lysosomal enzymes, and i t  removes 
the compartmentalisation o f the enzymes and membrane components w ith in  
the c e l l .  Hence c e l lu la r  metabolism which requires the in te g ra tio n  o f  
d iffe re n t  c e l lu la r  components w il l  not be seen in  c e l lu la r  fra c tio n s .
I t  is  also necessary to add unnatura lly  high leve ls  o f co -facto rs  to  
enable metabolism to proceed. Before metabolism commences the drug or 
chemical must enter the c e l l ,  the mechanisms c o n tro llin g  th is  may 
a ffe c t metabolism, and th is  w il l  not be assessed in  c e ll fra c tio n s .
The perfused l iv e r  and l iv e r  s lices  have also been employed in  studies  
o f drug metabolism but there are problems inherent in  the use o f these 
techniques. The perfused l iv e r ,  although a good system, is  d i f f i c u l t  
and expensive to set up, and the number o f tests  th a t can be run on 
one l iv e r  is  lim ite d . The main problems associated w ith l iv e r  s lic es  
are f i r s t l y  the outer layers o f the s lices  contain damaged c e lls  as 
a re s u lt o f the s lic in g  procedure. Secondly the uptake o f xenobiotics  
in s lices  is  con tro lled  by passive d iffu s io n  w ith the re s u lt  th a t  
l i t t l e  i f  any w il l  reach the centre o f the s l ic e ,  th is  also applies  
to the nu trien ts  added to the medium. The c e lls  in the centre o f the 
slices  w il l  become necrotic  qu ite  rap id ly  resu ltin g  in a preparation  
th a t is  not homogeneous.
Iso la ted  hepatocytes in  suspension and cu lture.do  not s u ffe r these 
many drawbacks, and as techniques are now a va ilab le  fo r  the preparation  
of v iab le  and functional c e lls  they have proved to be very useful in  
the study o f drug metabolism. A number o f drug oxidations dependent on
cytochrome P-450 have been investigated  in iso la ted  hepatocytes and 
a number o f these are l is te d  in  Table 1.
Moldeus e t a l  (1978a) used iso la ted  hepatocytes to in vestig a te  the 
in te ra c tio n  between ethanol and the metabolism of foreign compounds.
They s p e c if ic a lly  investigated  the e ffe c ts  of ethanol on glucuronidation  
of a number o f substrates including harmol, 2-naphthol, 4-m ethylum belli- 
ferone and phenolphthalein find ing  th a t i t  was in h ib ite d  by up to 50% 
by low concentrations o f ethanol (lOmM). Further investigations were 
made in to  the e ffe c t  o f ethanol on the in tr a c e llu la r  NADH/NAD+ ra t io  
and the synthesis o f UDP glucuronic ac id , and the e f fe c t  o f 4-m ethyl-  
pyrazole an in h ib ito r  o f alcohol dehydrogenase dependent ethanol 
oxidation . This led the authors to suggest th a t the in h ib ito ry  
e ffe c t  o f ethanol on glucuronidation is due to a decreased synthesis 
o f UDP glucuronic acid caused by an increased NADH/NAD ra t io  resu ltin g  
from the alcohol dehydrogenase dependent oxidation o f ethanol.
The same group (N orling  e t a l , 1978) investigated  the uptake o f 
glucuronides in to  iso la ted  hepatocytes and th e ir  e ffe c ts  on the 
glucuronidation o f model substrates.
The reaction sequence involved in  the metabolism o f paracetamol v ia  
cytochrome P-450 oxidation to the  formation o f the mercapturic acid  
d e riv a tiv e  has been delineated in iso la ted  ra t  l iv e r  and kidney c e lls  
by Moldeus e t al (1978b). Oxidation and glutath ione conjugation were 
catalysed p rim arily  by the l iv e r  c e l ls ,  w hile conversion o f the g lu tath ione  
conjugate to the mercapturic acid d e riv a tiv e  was catalysed p r im a r ily ,  
by the kidney c e lls .
Moldeus (1978) performed a d e ta iled  analysis o f the formation o f the 
d iffe re n t  m etabolites from paracetamol in  hepatocytes iso la te d  from 
mouse and r a t .  The hepatocytes from both species catalysed the 
formation o f glucuronide, sulphate, g lu tath ione and cysteine conjugates 
o f paracetamol. Sulphation had a higher a f f in i t y  fo r  paracetamol than 
glucuronidation in  both the ra t  and mouse, whereas glucuronidation had 
a higher capacity. The maximal ra te  o f glucuronidation was s im ila r  in  
hepatocytes from both species but th a t o f sulphation was s e v e ra l-fo ld  
less in  the mouse. The ra te  o f g lutath ione conjugate formation was found 
to be d ire c t ly  corre lated  to the loss o f in tr a c e llu la r  g lu ta th io n e , th is
T a b le  1 .  Drug M e ta b o lis m  in  I s o l a t e d  R a t  H e p a to c y te s
Drug studied
Alprenelol
Aminopyrene
Antipyrene
Ethanol
Harmol
Barb iturates
Biphenyl
Benzoic Acid
Ethoxycoumarin
4-Methyl Umbel!iferone
Benzo( a )pyrene
Diphenylhydantoin
4-androstene-3, 17-dione
17 a -e th in y lo e s tra d io l
Oestrone sulphate
Sulphadimidine and sulphanilamide
Ethoxyresorufin
Phenacetin and N-Hydroxyphenacetin
Benzo( a )pyrene
Paracetamol
Pyridine and substituted pyridines  
Carbon te tra c h lo rid e
Reference
Orrenius et_ 1^_ (1975)
Weigl et _al_ (1977)
Aarbakke e_t (1977)
Crow e t  al_ (1977)
Andersson e t al_ (1978)
Yih and Rossum (1977)
Wiebkin e t j * l  (1976 and 1978b) 
Kao et al_ (1978)
Fry e t  al (1978)
Fry_et_al (1978)
Jones _et_a] (1978)
Inaba_et_al (1975)
Stenberg _et _al (1978)
Schwenk e t al (1978)
Schwenk e t al (1978)
Morland and Olsen (1977)
Burke and Orrenius (1978) 
Burke and Hallman (1978)
McLean (1978)
Ashurst and Cohen (1980) 
Moldeus e t al_ (1980)
Blaauboer and Paine (1979) 
Anundi e t  al_ (1979)
rate  however was fa r  less in  the ra t  than the mouse. The mouse is  a 
species more susceptible to the to x ic  e ffe c ts  o f paracetamol. This 
was supported here by the progressive loss of plasma membrane in te g r ity  
of the mouse hepatocytes a f te r  90 minutes o f incubation w ith 2mM 
paracetamol which did not occur in the ra t  hepatocytes incubated in the 
presence o f lOmM paracetamol fo r  f iv e  hours.
Further investigations by Moldeus e t £l_ (1980) have shown th a t chronic 
adm inistration o f ethanol to rats  fo r  6 -8  weeks caused an e levation  in  
the concentration o f cytochrome P-450 in iso la ted  ra t hepatocytes.
These hepatocytes showed enhanced rates of oxidation and UDP-glucuronic 
acid conjugation o f paracetamol, w ith the binding a f f in i t y  o f paracetamol 
to cytochrome P-450 being increased from 2.8mM“  ^ in  control hepatocytes 
to 0.75mM“  ^ in e thano l-trea ted  ra t  hepatocytes.
There have only been a lim ite d  number o f studies in  primary cultures  
of adu lt ra t  hepatocytes. This is  mainly due to the in a b i l i t y  o f the 
e a r l ie r  techniques to produce cultures in  which the c e lls  maintained  
physiological leve ls  o f cytochrome P-450.
2.6 MAINTENANCE OF CYTOCHROME P-450 IN PRIMARY MONOLAYER CULTURES 
OF RAT HEPATOCYTES
I t  has been well documented th a t during the f i r s t  24 hours, o f cu ltu re  
the concentration o f cytochrome P-450 f a l ls  markedly in  primary 
maintenance cultures o f adu lt ra t  hepatocytes (Guzelian and B is s e ll,
1976; Guzel ian et al_, 1977). A fu r th e r  study by the same group 
(Guzelian and Barwick, 1979) presented supplementary evidence th a t th is  
phenomenon occurred but was prevented by incubating cultures w ith  
in h ib ito rs  o f protein  synthesis such as cycloheximide,puroinycin, 
actinonycin D, or azaserine. I t  was postulated since cycloheximide 
had no e f fe c t  on the degredation o f to ta l pro tein  and i ts  e f fe c t  
appeared to be due to a decreased breakdown o f haem, th a t the 
se lec tive  degradation o f cytochrome P-450 in c e ll cu ltu re  may require  
protein  synthesis.
E a r lie r  studies had suggested th a t the reduction in cytochrome P-450 
could be causally re la ted  to an increase in haem oxygenase a c t iv ity
(Maines and Kappas, 1977). This hypothesis was investigated  by Paine 
and Legg (1978) using cultured adu lt ra t  hepatocytes. When c e lls  were 
cultured in  W illiam 's  medium E supplemented with 5% fo e ta l c a lf  serum 
they obtained resu lts  s im ila r  to those o f Guzelian and Barwick (1979).
A loss in concentration o f cytochrome P-450 was associated w ith a r is e  
in haem oxygenase a c t iv i t y ,  although i t  was demonstrated by Guzelian.and  
Barwick in th e ir  study th a t the r is e  in  haem oxygenase occurred a f te r  
the decrease in cytochrome P-450 became marked suggesting th a t there  
is  not a d ire c t l in k .  Decad e t a !  (1977) reported th a t leve ls  o f 
cytochrome P-450 could be maintained in cultured hepatocytes i f  the 
culture  media was supplemented w ith pharmacological leve ls  o f hormones. 
Paine and Legg (1978) u t il is e d  media supplemented w ith hormones and 
measured cytochrome P-450 concentration and haem oxygenase a c t iv ity  
a f te r  varying the is o la tio n  and cu ltu rin g  conditions. They found th a t  
i f  the l iv e r  perfusate was supplemented w ith hormones in .addition to 
the cu ltu re  media and the p la s tic  p e tr i dishes were coated w ith collagen  
the leve ls  o f cytochrome P-450 a f te r  24 hours of cu ltu re  o f 121pmole/mg 
protein  were s im ila r  to in vivo leve ls  and the a c t iv ity  o f haem 
oxygenase was high. I t  would appear therefore  th a t high leve ls  o f 
cytochrome P-450 can be maintained even when high leve ls  o f haem 
oxygenase were present.
Paine ejfc (1979a) have also shown th a t the sole add ition  o f h igh,
unphysiological concentrations of nicotinamide (25mM) to cu ltu re  media 
maintained cytochrome P-450 le v e ls . These leve ls  o f cytochrome P-450 
were fu rth e r  increased to those s im ila r  to whole l iv e r  values in vivo  
i f  ImM nicotinamide was added to the perfusate fo r  the is o la tio n  o f  
hepatocytes. In a subsequent study (Paine e t  al_, 1979b) hepatocytes 
cultured fo r  24 hours were shown to lose 60% o f th e ir  NADH content 
as w ell as a marked reduction in cytochrome P-450 concentration. Addition  
o f 2mM nicotinamide to the cu lture  medium caused a marked increase in  
NADH leve ls  a f te r  24 hours o f c u ltu re , as did 25mM nicotinam ide. Since 
cytochrome P-450 concentration can only be maintained w ith the high 
level o f nicotinamide i t  was suggested th a t there is  not a causal 
re la tio n sh ip  between the content o f NADH and the maintenance o f 
cytochrome P-450 in cu ltu res . This was fu rth e r  confirmed by the fin d in g  
th a t isonicotinamide was twice as e f f ic ie n t  as nicotinamide a t m aintaining  
cytochrome P-450 but had no e ffe c t  on NADH le v e ls .
Paine e t al_ have also demonstrated th a t cu lture  o f hepatocytes in a 
simple balanced s a lt  so lution  prevents the loss o f cytochrome P-450 
(Paine and Hockin, 1980) suggesting th a t a component(s) o f the cu ltu re  
media is  responsible fo r  the loss o f cytochrome P-450. In vestig a tio n  o f 
the e ffe c ts  o f d if fe re n t  cu ltu re  media on cytochrome P-450 content o f  
hepatocytes a f te r  24 hours o f cu ltu re  ind icated th a t cystine and 
cysteine were the components o f media responsible fo r  the decreased 
le v e ls . They also found th a t incubation in media w ithout cystine  
or cyste ine, but w ith added 5-amino la e v u lin ic  acid maintained even 
higher leve ls  o f cytochrome P-450. I t  is  o f in te re s t to note here th a t  
cysteine has been shown to be a cytotoxic constituent o f cu ltu re  media 
by Nishiuch et e\_ (1976). Added pyruvate had a p ro tec tive  e f fe c t  
probably due to complex formation w ith cysteine in the media since 
preincubation o f media a t 37°C was shown to have a dose-dependent 
e ffe c t  on the s ta b ilis a t io n  o f cysteine reducing the concentration o f  
oxidisable cysteine.
Leibovitz  L-15 medium, used in the studies reported in the present 
work contains cysteine a t a concentration o f 120mg/l and pyruvate 
(550mg/l sodium s a lt )  but no cystine. Paine and Hockin (1980) 
compared the e f fe c t  o f L I5 w ith th a t o f other media (Waymouth's MB752/1: 
cysteine-81 mg/1, cystine 18mg/l; W illiam 's  medium E: cys te in e -52 .05 m g /l, 
cys tin e -23 .70 , pyruvate-25.Omg/1; RPMI 1640: cys tin e -59 .15m g /l) and found 
th a t the level o f cytochrome P-450 a f te r  24 hours in cu ltu re  f e l l  to  
between 26 and 39% o f the i n i t i a l  leve l w ith a l l  four media.
Paine's group have investigated  the s tru c tu re -a c t iv ity  re la tio n s h ip  fo r  
the substitu ted  pyridines in re la tio n  to th e ir  a b i l i t y  to m aintain  
cytochrome P-450 ( V i l la  et ail_, 1980) together w ith th e ir  e f fe c t  on 
protein  synthesis in h ib it io n  compared to th a t o f cycloheximide to  te s t  
the hypothesis o f Guzelian and Barwick (1979). They found th a t pyrid ine  
i t s e l f  was able to maintain high levels  o f cytochrome P-450 as were the
3 -a c e ty l-  and 3-am ino-pyridines. These resu lts  provided fu r th e r  support 
fo r th e ir  e a r l ie r  find ings fo r  the e ffe c ts  o f nicotinamide and 
isonicotinam ide, although the amide group o f nicotinamide was found 
to be important as thionicotinam ide was not e f fe c tiv e . I t  was also  
demonstrated th a t both nicotinamide and isonicotinam ide in h ib ite d  pro te in
synthesis by 48 and 60% respective ly  a f te r  24 hours in c u ltu re .
Cycloheximide a t a concentration o f between 0.5  and 1 .0 /zM produced 
s im ila r  e ffe c ts  on in h ib it io n  o f protein  synthesis but the leve ls  
of cytochrome P-450 were lower. P y rid in e , however, was found to maintain  
high levels  o f cytochrome P-450 w ith only minimal in h ib it io n  o f protein  
synthesis. These resu lts  do not therefore  support the hypothesis of 
Guzelian and Barwick (1979) th a t the in h ib it io n  o f protein  synthesis is  
the primary mechanism underlying the maintenance o f cytochrome P-450 
in hepatocyte c u ltu re .
Paine e t al_ (1980) have fu rth e r weakened th is  hypothesis by demonstrating 
th a t the a b i l i t y  o f pyridines to maintain cytochrome P-450 in hepatocyte 
cu ltu re  is  highly corre lated  w ith th e ir  a b i l i t y  to bind to cytochrome P-450, 
suggesting th a t ligand formation prevents i ts  accelerated turnover in 
l iv e r  c e ll c u ltu re . Furthermore metyrapone maintains cytochrome P-450 
leve ls  due p a r t ia l ly  to preventing degradation o f the cytochrome (a 
property o f ligand forming compounds) but mainly by i ts  e f fe c t  o f 
increasing' the synthesis (Paine and V i l la ,  1980). Increased synthesis 
o f cytochrome P-450 was known to occur since the s p e c ific  a c t iv ity  o f 
lab e lle d  cytochrome P-450 in the cultures was reduced (animals were 
in jec ted  w ith la b e lle d  la e v u lin ic  acid p r io r  to the is o la tio n  o f  
hepatocytes). This increased synthesis by metyrapone was not completely 
prevented by concomitant incubation w ith 5 cycloheximide which 
in h ib ite d  protein  synthesis by 95%.
I t  may therefore  be concluded from the present evidence th a t the 
loss o f cytochrome P-450 in  cultures is  due to impaired synthesis and 
enhanced degradation.
2 .7  THE USE OF ISOLATED HEPATOCYTES IN TOXICOLOGY
Iso la ted  hepatocytes in suspension and cu lture  m aintain many biochemical 
functions w ith a c t iv it ie s  s im ila r  to those in v ivo . They, th e re fo re , 
lend themselves to the study o f the mechanisms o f to x ic  action o f drugs 
and chemicals. W ithin the la s t  few years a number o f studies have been 
carried  out, some o f which w il l  be reported here. This review w il l  be 
lim ite d  to iso la ted  hepatocytes in suspension and primary c u ltu re , fo r
more general studies on in v itro  to x ic ity  evaluation the reviews o f  
T a rd if f  (1978 ), Nardone (1977 ), Bridges (1976) and Worden (1974) are 
re levan t.
The main endpoint o f to x ic ity  is  the loss o f c e ll v ia b i l i t y .
Zawydiwski and Duncan (1978). described a method fo r  measuring 
spontaneous [5^Cr] release as an in d ic a to r o f membrane damage. The 
leakage o f c e l lu la r  enzymes in to  the e x tra c e llu la r  medium has been 
used by Zimmerman et al_ (1974) to demonstrate the hep ato tox ic ity  o f 
erythronjycin and chlorpromazine, glutamic oxaloacetic transaminase 
being used as the enzyme. S im ila r studies were carried  out to in ves tig a te  
the to x ic ity  o f the t r ic y c l ic  an ti depressants (Abernathy e t a l , 1975) 
and the thioxanthine neuroleptics (Abernathy and Zimmerman, 1975).
Orrenius et al_ (1976) investigated  the e ffe c ts  o f anoxia on iso la te d  
hepatocytes. I t  caused an increase in  plasma membrane perm eab ility  
demonstrated by a decrease in  trypan blue exclusion frequency, leakage 
of cytoso lic  la c ta te  dehydrogenase, and an increase in  succinate- 
stim ulated oxygen uptake. These changes appeared to be preceded by 
a marked decrease in  c e llu la r  ATP concentration. S im ila r e ffe c ts  to  
those caused by anoxia were observed i f  the c e lls  were incubated w ith  
an uncoupler o f ox idative  phosphorylation.
A number o f studies have been carried  out in iso la ted  hepatocytes to  
investigate  the e f fe c t  o f xenobiotics on the metabolic processes o f  
the l iv e r .  Story and Freedland (1978) found th a t feeding DDT to starved  
rats  in h ib ite d  gluconeogenesis from la c ta te  a t the step between 
pyruvate and phosphoenol pyruvate in the iso la te d  hepatocytes. 
D-Galactosamine in h ib its  glycogenolysis by causing a decrease in  the 
content o f hepatocytes (Sternmann e t a l , 1978). Mapes (1977) concluded 
th a t the in h ib it io n  o f lipogenesis by halothane is  probably caused by 
in h ib it io n  o f the oxidation o f NADH. Gluud and Dich (1977) observed 
during studies on the ro le  o f cyc lic  AMP in l iv e r  protein  metabolism  
th a t the xanthines am inophylline, ca ffe in e  and th eo p h y llin e , in h ib ite d  
the incorporation o f [ ^ c ]  -V a lin e  in to  the proteins o f is o la te d  
hepatocytes and the secretion o f albumin. Protein secretion is  also  
in h ib ite d  by co lch ic ine , ammonia and anoxia (Seglen and R e ith , 1977).
A series o f studies have been carried  out on the toxin p h a llo id in  
which is  obtained from Amanita p ha llo id es . P h allo id in  is to x ic  v ia  
i ts  d ire c t action on the plasma membrane o f iso la ted  hepatocytes 
(Frimmer, 1977), and a t very low concentrations (20 Mg/ml) i t  in h ib its  
amino acid incorporation in to  proteins (Gravela and P o li ,  1977).
Trypsin delays or prevents the plasma membrane response o f hepatocytes 
to p h a llo id in  (Frimmer et al_, 1977a) as do temperatures below 21°C, 
which suggests th a t the f lu id i t y  o f the membrane lip id s  might control 
an e a rly  step o f the p h a llo id in  response (Frimmer and Rufeger, 1977).
The uptake o f p h a llo id in  by hepatocytes is  not by simple d iffu s io n  but 
probably v ia  the pathway o f physio logical substrate. Systematic 
screening has shown th a t the b i le  acids in h ib it  the response o f iso la te d  
hepatocytes to p h a llo id in  in  a dose dependent manner (Frimmer e t a l , 
1977b). Further studies in d ica te  th a t p h a llo id in  induces an accumulation 
of tr ig ly c e r id e s  w ith in  the l iv e r  c e ll probably by im pairing protein  
synthesis and secretion (G ravela e t  a l , 1977).
The peroxidation o f polyunsaturated lip id s  is  associated w ith the 
hepato tox ic ity  o f several chemicals, esp ec ia lly  carbon te tra c h lo r id e . 
Hogberg and co-workers have u t il is e d  iso la ted  hepatocytes fo r  the 
in vestig a tio n  o f factors which may contribute to the pro tection  o f l iv e  
c e lls  from l ip id  peroxidation (Hogberg et al_, 1975a, b and c ) . These 
factors include the low permeation ra te  of iron in to  the c e l l ,  the 
in a c tiv a tio n  o f iron by i ts  complexing to a p o fe rre tin , the metabolism 
o f l ip id  peroxides by glutath ione peroxidase, and the oxidation  o f . 
malonaldehyde. Weddle e t a l  (1976) studied the e ffe c t  o f carbon 
te tra c h lo rid e  on l ip id  peroxidation in iso la ted  hepatocytes fin d in g  
th a t i t  increased. Iso la ted  hepatocytes from rats  having consumed 
alcohol fo r  several months, produce malondialdehyde -  a measure o f  
l ip id  perox idation , in  s ig n if ic a n tly  higher amounts than c e lls  from 
untreated anim als, w ithout the accumulation o f tr ig ly c e r id e s  (Remmer 
e t a l ,  1977).
Further studies on the e ffe c ts  o f carbon te tra c h lo rid e  in  is o la te d  
hepatocytes have been carried  out by Poli e t  a !  (1978 and 1979).
They also demonstrated th a t l ip id  peroxidation is  stim ulated in  is o la te d  
ra t  hepatocytes which is  dependent on the metabolism o f carbon 
te tra c h lo rid e  by cytochrome P-450. I t  was also shown to in h ib it  
protein  synthesis and protein  and lip o p ro te in  secretion and induce the
accumulation o f fa t  w ith in  the c e lls . The free  rad ical scavanger 
promethazine was found to in h ib it  malondialdehyde production due to 
carbon te tra c h lo rid e  but not to influence i ts  e ffe c ts  on reducing the 
cytochrome P-450 content o f iso la ted  hepatocytes.
Lindstrom e£ al_ (1978) demonstrated th a t iso la ted  hepatocytes from 
phenobarb ita l-treated  ra ts  showed an increased ra te  o f b io ac tiva tio n  
of carbon te tra c h lo rid e  producing a more marked e f fe c t  on the release  
o f la c ta te  dehydrogenase from these c e lls  than on c e lls  from untreated  
ra ts . This e f fe c t  was more prominant than the e f fe c t  o f phenobarbital 
pretreatm ent on malondialdehyde production, Depletion o f the 
glutath ione levels  o f hepatocytes by d ie thy l maleate was, however, 
associated w ith increased malondialdehyde form ation.
Studies by Stacey and P r ie s t ly  (1978a), using a number o f agents shown 
to  be hepatoprotective in  other experimental models o f carbon te tra c h lo rid e  
induced to x ic ity  including- SKF-525A, promethazine, g lu tath ione and 
cyste ine, demonstrated th a t they were in e ffe c tiv e  in  is o la te d  ra t  
hepatocytes in reducing the to x ic ity  o f carbon te tra c h lo rid e . Further 
studies (Stacey and P r ie s t ly ,  1978b) suggested th a t l ip id  peroxidation  
is  not a re q u is ite  step in carbon te tra c h lo rid e  induced to x ic ity  in  
iso la ted  hepatocytes.
Bromotrichloromethane, another halogenated hydrocarbon, has been used 
by Koster-A lbrecht e t  al (1978) to in ves tig a te  l ip id  peroxidation and 
c e ll damage in iso la ted  ra t  hepatocytes. I t  produces s im ila r  
a lte ra tio n s  in  l iv e r  c e lls  to carbon te tra c h lo rid e  but w ith in  a lower 
concentration range.
Bromobenzene is  another compound which is  metabolised by the cytochrome 
P-450 system to produce an active  m etabolite which is  to x ic  to the l iv e r .  
The conjugation o f the active  m etabolite w ith g lu tath ione appears to  
be a major p ro tective  mechanism in  preventing the h ep ato to x ic ity  o f  
bromobenzene Zampaglione e t al_ (1973). Thor £ t  al_ (1978a, 1978b and 1979) 
have used iso la ted  ra t  hepatocytes to in vestig a te  the metabolism and 
to x ic ity  o f bromobenzene. They found th a t the in tr a c e llu la r  leve l o f 
glutath ione in the hepatocytes is  o f major importance in re la t io n  to the
c y to to x ic ity  o f bromobenzene and th a t hepatocytes incubated in a 
complete medium are protected against to x ic ity  by th e ir  a b i l i t y  to 
resynthesize g lu ta th ione . Pretreatm ent of rats  w ith d ie thy l maleate 
potentiated  the hepatotoxic e f fe c t  whereas the presence o f cyste ine, 
methionine and N -acety lcyste ine in  the incubation medium protected  
against to x ic ity .
Depletion o f g lutath ione leads to covalent binding o f reac tive  
m etabolites to tissue macromolecules. Dent and Sun (1980) have 
developed a model fo r  studying the s p e c if ic ity  o f covalent binding  
in iso la ted  hepatocytes. Using th is  model they investigated  the e ffe c ts  
o f bromobenzene find ing  th a t binding occurs f i r s t  w ith macromolecules 
in the 20-40,000 dal ton range. The c e ll appears to be able to 
recognise these macromolecules and by some mechanism degrades them.
When the rats  are pretreated w ith phenobarbitone the ra te  a t  which 
the binding occurs is  greater than w ith  untreated hepatocytes re s u ltin g  
in an accumulation o f the high molecular weight fra c tio n  since the ra te  
of formation appears to exceed th a t o f degredation.- This method may 
prove to be useful in  id e n tify in g  the nature o f the macromolecules 
with which covalent adducts have formed.
Glutathione plays a valuable ro le  in  the c e ll in protecting  against the 
to x ic ity  o f endogenous chemicals. A number o f studies have been carried  
out to investiga te  the leve l and turnover o f th is  th io l in hepatocytes, 
and the e f fe c t  o f is o la tio n  techniques and incubation media. Reed and 
Orrenius (1977) demonstrated th a t hepatocytes fre s h ly  iso la te d  from 
rats treated  w ith d ie thy l maleate perform a net biosynthesis o f g lu tath ione  
at a ra te  s im ila r  to th a t observed i_n vivo o f about 2 jumoles/hr/g wet w t. 
of l iv e r .  Vina e t al_ (1978) however found th a t the leve l o f g lu tath ione  
in iso la ted  hepatocytes f e l l  during incubation. Hogberg and K ristoferson  
(1977 and 1978), who had also experienced loss o f g lu tath ione leve ls  
during incubation, found th a t by decreasing the time o f is o la tio n  
procedure and by supplementing the medium w ith amino acids and serum 
the levels  o f g lutath ione in fre sh ly  iso la ted  hepatocytes were increased  
and a net ra te  o f biosynthesis occurred th e re a fte r .
The ch arac te ris tics  o f primary hepatocyte cultures are less w ell 
defined than those o f iso la ted  hepatocytes in suspension w ith the 
re s u lt th a t only a few studies have been carried  out so fa r .  However,
the ind ications are th a t th is  system w il l  be u t il is e d  fa r  more in  the 
fu tu re . Most studies to date have been carried  out in c e ll l in e s ,  
the reviews mentioned previously may be supplemented here by those of 
Desi e t  (1977) and Grisham et al_ (1978). Michalapolous e t  al_ (1976) 
provide data w ith in  th e ir  review to support the use o f primary hepatic  
c e ll cultures in the in ves tig a tio n  o f hepatocarcinogenesis by ^chemicals. 
Huberman and Jones (1980) have used l iv e r  c e ll cultures in mutagenesis 
studies. Two recent reviews provide more inform ation on the use of 
primary l iv e r  c e ll cultures in assessing the to x ic ity  o f chemicals (Fry  
and Bridges, 1979; Grisham, 1979).
W illiam s (1977) described a system where ten carcinogens produced 
unscheduled DNA synthesis in primary cu ltu res , suggesting i t  as a 
possible p red ic to r o f po ten tia l carcinogens. Fry and Bridges (1977a) 
describe another system fo r  assessing the c y to to x ic ity  o f chemicals 
which are metabolism mediated. They took advantage o f the fa c t  th a t  
primary cultures o f hepatocytes become overgrown w ith f ib ro b la s ts  
a f te r  three or four days, by using the hepatocytes as the metabolising  
component and the fib ro b las ts  as the tes tin g  component. Using th is  
system-cyclophosphamide was shown to be fa r  more to x ic  to the fib ro b la s ts  
in  the presence o f hepatocytes, th is  being reduced i f  the hepatocytes 
are treated  w ith SKF-525A, an in h ib ito r  o f drug metabolism. This 
f ib ro b la s t suppression te s t was used to te s t a wider range o f chemicals 
with promising resu lts  by Wiebkin e t al_ (1978a).
The leakage o f c e llu la r  enzymes has again been used as a measure o f 
to x ic ity  in  cultured c e ll lines  to in vestigate  the e ffe c ts  of carbon 
te tra c h lo rid e  (Watanabe e t al_, 1977) and some general anaesthetics  
(Goto e t aQ_, 1976). This could also be applied to primary monolayer 
cultures o f hepatocytes.
There are s t i l l  many problems to be solved, and a greater standard isation  
o f is o la tio n  and cu ltu ring  techniques, fo r  iso la ted  hepatocytes, before 
b a tte rie s  o f short term tests can be introduced fo r  the to x ic ity  
screening o f new drugs and chemicals. A couple of problems may be 
highlighted by the fo llow ing examples. F ir s t ly  by Seglen's study (1977b)
demonstrating th a t ammonia accumulating in the suspending cu ltu re  
medium in h ib ite d  protein  degradation, and secondly the suggestion 
by Nishiuch e t al (1976) th a t cyste ine, a component o f many tissue  
culture  media, is  h ighly tox ic  to cultured c e lls .
2 .8  AIMS
The main aims o f the work presented in  th is  thesis were to v a lid a te  
the use o f iso la ted  hepatocytes, in  suspension or c u ltu re , fo r  the 
in vestig a tio n  o f the to x ic ity  o f drugs and chemicals in the l iv e r .
Some model hepatotoxins, "prim arily paracetamol, were then investigated  
in  these systems fo r  th e ir  e ffe c ts  on the hepatocytes w ith the aim of 
providing fu rth e r  evidence fo r  the mechanism o f action o f hepatotoxins.
C H A P T E R  3
M A T E R I A L S  A N D  M E T H O D S
3.1 MATERIALS
3.1 .1  Animals
Male W istar albino weanling rats  were obtained from the U n iv e rs ity  o f 
Surrey breeding stock. They were housed in the U n ivers ity  o f Surrey 
animal u n it in M akra lon®  cages on a bedding o f wood shavings or 
S t e r o l e t ® . They had fre e  access to water and a p e lle te d  standard 
laboratory d ie t (S p ille rs  No. 1 , S p il le rs , Croyden) and were maintained 
under con tro lled  environmental conditions.
Male Golden Syrian weanling hamsters were obtained from su itab le  
su p p lie rs , dependent on a v a i la b i l i t y ,  and were housed and maintained 
in  a s im ila r  manner to the ra ts .
3 .1 .2  Apparatus
The sonicators used were as fo llow s: Soniprobe (Dave Instruments Ltd , 
London) and sonic bath (K erry , England). Manufacturers for. other 
apparatus used are as specified  in  the Methods Section.
3 .1 .3  Chemicals
Collagenase (type IV , or s p e c ific  use re: C -2139), hyaluronidase.
(type I I ) ,  |8-glucuronidase (type H - l ) ,  sulphatase (type H - l ) ,  
saccharo-1, 4 -la c to n e , e th y len eg lyc o l-b is -( /3 -ami noethyl e th e r ) -N ,N '-  
te tra -a c e tic  ac id , paracetamol, NAD, 2 ,4 -d in itro p h en y l-h yd raz in e , 
N-methylphenazonium methosulphate, NADPH, N -l-naphthylethylenediam ine  
dihydrochloride, reduced g lu ta th io n e , G6PD, NADP, cycloheximide and 
neotetrazolium  chloride were obtained from Sigma Ltd, London. Pure 
0 - glucuronidase ('Ketodase1) was obtained from W illiam  Warner and Co.
Ltd, Hampshire.
7-Ethoxycoumarin was synthesized by the method of U llr ic h  and Weber (1972 ).
A ll tissue cu ltu re  media and supplements were obtained from Gibco- 
B iocult L td , Scotland.
Sepharose 4B was obtained from Pharmicia Fine Chemicals, Uppsala, Sweden.
Phenobarbitone, amylobarbitone, quinalbarbitone and thiopentone (as
the sodium s a lt )  were a l l  obtained from May and Baker L td , Dagenham, Essex.
L— [ll-^ c ]-L e u c in e  (s p e c ific  a c t iv ity  351mCi/mmol) ,  [u -^ c ] -U r id in e  
(s p e c ific  a c t iv ity  497mCi/mmol), £-Hydroxy [ r in g -3 -5 -^ 4c ] -a c e ta n i l id e  
(s p e c ific  a c t iv ity  14.6mCi/mmol) and the cy c lic  AMP assay k i t  (Code 
TRK.432) were a l l  obtained from The Radiochemical Centre, Amersham, 
Buckinghamshire.
ATP and GOT assay k its  were obtained from Boehringer Mannheim Diagnostica.
A ll other chemicals used were o f the best reagent grade a v a ila b le .
METHODS
3 . 2  HEPATOCYTE ISOLATION
3 .2 .1  The enzymic is o la tio n  o f adu lt ra t  hepatocytes 
Adult ra t  hepatocytes were iso la ted  by a collagenase/hyaluronidase  
technique developed by Fry e t (1976) from the o rig in a l method o f 
Howard e t £]_ (1967).
Male W istar Albino ra ts , weighing between 60 and lOOg, were k i l le d  by
cerv ica l d is lo ca tio n . The abdomen was swabbed with 70% alcohol p rio r
to dissection to expose the l iv e r .  Each o f the s ix  lobes o f the l iv e r
++ ++was removed separately and placed in Dulbecco's Ca -  and Mg -  fre e  
phosphate buffered sa line  (P B S 'A ')(P au l, 1970). Each lobe was c a re fu lly  
dried between two f i l t e r  papers to remove any excess blood then placed 
on a clean f i l t e r  paper supported by a square sheet o f glass which acted 
as an anchor fo r  the lobes and s im p lifie d  the c u ttin g . The lobes were 
cut with single strokes o f a microtome blade (Swann-Morton PM40, ■ 
Swann-Morton, S h e ffie ld ) to obtain s lices  of approximately 0.5mm 
thickness which, were placed in  PBS'A' . I t  is  important to complete 
th is  process quickly so th a t the l iv e r  is  not allowed to  d e te r io ra te .
PBS'A'(10ml) containing about 3g o f tissue was placed in  a 250ml conical 
f la s k . The fla s k  was shaken fo r  10 minutes in  a shaking water bath 
(approximately 90 o s c illa tio n s  per minute) maintained a t a temperature 
o f 37°C. ’The supernatant was then removed c a re fu lly  and replaced w ith  
fresh PBS'A'. This washing procedure was repeated twice more. A fte r  
three washes with PBS'A' the supernatant was removed and replaced by 
10ml o f PBS'A' containing 0.5mM ethylene g ly c o l-b is - ( 0 -ami no ethyl e ther) 
N ,N '-te tra a c e tic  acid (EGTA). The s lices  were incubated fo r  a fu r th e r  
10 minutes, followed by a second s im ila r  incubation. The supernatant 
was removed and replaced by 10ml o f Hanks Mg++-  free  balanced s a lt  
solution (BSS)(Paul, 1970) containing 5mM CaC^ with collagenase/ 
hyaluronidase (0.05%/0.10% w/ v ) .  The fla s k  was incubated fo r  approximately  
45 minutes a t 37°C in  the shaking water bath. The resu ltin g  supernatant 
was f i l te r e d  through a layer o f boulting cloth  (150/xm pore s iz e ; Henry 
Simon Ltd, Cheadle Heath, Stockport) to remove any large c e ll clumps and 
undigested m ate ria l. The f i l t r a t e  was centrifuged a t 50g fo r  one minute
in an MSE bench cen trifu g e , the supernatant was c a re fu lly  removed and
the p e lle t  resuspended in PBS'A1 (10ml) to wash the c e lls .  A fte r  spinning
the c e lls  to a p e lle t  th is  washing procedure was repeated again. The 
f in a l c e ll p e lle t  was resuspended in 10ml L iebovitz  L I5 medium containing  
10% v/v fo e ta l c a lf  serum. The c e ll v ia b i l i t y  and y ie ld  were determined 
using the trypan blue exclusion method (see 3 .3 .1 ) .  A ll the solutions  
used in the is o la tio n  procedure contained phenol red as an in d ic a to r.
3 .2 .2  The enzymic is o la tio n  o f adu lt hamster hepatocytes
The method followed was s im ila r  to th a t described in section 3 .2 .1 .
Hamster l iv e r  has only f iv e  lobes and contains a g a ll b ladder, not 
present in  ra ts , which must be c a re fu lly  removed p rio r to s lic in g  the 
lobes. The only m odification to the above method (3 .2 .1 )  was th a t the 
s lices  were incubated fo r  a shorter period o f time (approx. 30 mins) 
with the collagenase/hyaluronidase so lu tio n . The reason fo r  th is  was 
th a t the l iv e r  tissue o f the hamster is  less robust and dissociates  
more re a d ily . The f in a l c e ll p e lle t  was s im ila r ly  suspended in  L I5 plus 
10% fo e ta l c a lf  serum and the c e ll v ia b i l i t y  and y ie ld  determined by
the trypan blue exclusion method (3 .3 .1 ) .
3.3 CRITERIA USED TO ASSESS CELL VIABILITY
3 .3 .1  Dye exclusion te s t
This te s t  was used to assess the y ie ld  of v iab le  c e lls  d ire c t ly  a f te r  
c e ll is o la tio n , and also as a measure o f changes in v ia b i l i t y  w ith time 
and due to to x ic ity .
The te s t - is  based on the fa c t th a t v iab le  c e lls  can exclude certa in  
polar dyes whereas non-viable c e lls  do not.
A c e ll suspension (0.25m l) was added to 0.1ml o f trypan blue so lution  
(0.4%) and mixed gently w ith a Pasteur p ip e tte . A cover s l ip  was placed 
over the grid  o f an improved Neubauer haemocytometer applying gentle  
pressure u n til Newtons rings were v is ib le . The mixed c e ll suspension was 
allowed to pass from a Pasteur p ip e tte  under the cover s l ip .  The v iab le  
and non-viable c e lls  which s e ttle d  w ith in  the central g rid  were then 
counted. The to ta l c e ll y ie ld  and v ia b i l i t y  were calcu lated  as fo llow s:
. V ia b i l i ty  = X x 100%
X + Y
7 4Total y ie ld  of v iab le  ce lls  = X x x 10 ce lls /m l
5
where X = number o f v iab le  c e lls
Y = number o f non-viable c e lls
A fte r an i n i t i a l  c e ll is o la tio n  ca lcu la tio n  o f the v ia b i l i t y  enabled an 
assessment o f the q u a lity  o f the is o la tio n  procedure, ca lcu la tio n  o f  
the y ie ld  enabled the o rig in a l c e ll suspension to be d ilu te d  to contain  
the number of ce lls  required fo r  experim entation.
Experiments to assess to x ic ity ,  using c e ll v ia b i l i t y  as the c r ite r io n  o f  
to x ic ity ,  were carried  out using one ml samples o f c e ll suspension 
containing 10 ce lls /m l and te s t chemical a t the required concentration, 
in  L I5 plus 10% fo e ta l c a lf  serum. The incubations were carried  out
in 10ml conical flasks in a shaking incubator a t 37°C. V ia b i l i t y  was
assessed by dye exclusion as quickly as possible a f te r  the samples were
removed from the incubator.
3 .3 .2  Lactate Dehydrogenase assay fo r  v ia b i l i t y  
When hepatocytes are damaged in tr a c e llu la r  enzymes are released in to  
the e x tra c e llu la r  medium, th is  fa c t was used to develop an assay whereby 
the amount of la c ta te  dehydrogenase (LDH) released from iso la ted  
hepatocytes could be used as a measure o f c e ll v ia b i l i t y .
The method used was a m odification o f the co lo rim etric  method o f King 
(V arley , 1967) based on the formation o f a coloured hydrazone, i . e .  
pyruvate-dinitrophenyl-hydrazone.
Reagents:
(a) Buffered substrate: 4g lith iu m  la c ta te  in 125ml 0 .1 M glycine
b u ffe r containing 75ml 0.1N NaOH.
(b) Solution o f nicotinamide adenine d inucleo tide; a so lution  o f
lOmg in 2ml d is t i l le d  water was fre sh ly  prepared.
(c) 2 ,4-d in itrophenylhydrazine reagent; 200mg o f the reagent was
dissolved in  hot N HC1 and made up to a l i t r e  
with th is  acid .
(d) Sodium hydroxide: 0.4N.
Procedure:
c
One ml samples of iso la ted  hepatocytes containing 10 ce lls /m l and the 
required concentrations o f te s t chemical were incubated in  10ml conical 
flasks a t 37°C. A fte r  the specified  incubation time 0.5ml o f the c e ll 
suspension was placed in  an LP3 tube and the c e lls  spun to a p e lle t  by 
cen trifug ing  a t 50g fo r  one minute. The supernatant (O Jrnl) was added to  
0.75ml o f d is t i l le d  water and used to determine the amount o f LDH 
released from the c e lls  in to  the e x tra c e llu la r  medium. To the remaining 
supernatant and c e ll p e lle t  was added 0.1ml 5% T riton  X-100 (aqueous), 
mixing well to lyse a l l  the c e lls ;  0.1ml o f the la t t e r  was added to  
0.75ml o f d is t i l le d  water and used to determine the to ta l amount o f LDH 
present in  the c e lls  and the medium.
Assay:
0.5ml buffered substrate (a)
+
50 At! sample
j  mix and leave a t 37°C fo r  2 mins
Add 0.1ml NAD solution  (b)
|  incubate a t 37°C fo r  15 mins
Add 0.5ml colour reagent (c )
J incubate a t 37°C fo r  15 mins
Add 5ml 0.4N NaOH (d)
I
mix and read absorbance a t 440nm
The standard curve was lin e a r  fo r  the concentrations o f LDH found a t a
fic e ll concentration o f 10 /m l. Total LDH was represented by the absorbance 
at 440nm m u ltip lied  by a fa c to r o f 1.25 to allow fo r  d ilu t io n . The LDH 
released was calcu lated  by d iv id ing  the absorbance of the medium, 
containing released LDH, by the absorbance o f the to ta l LDH, expressed 
as a percentage.
A number o f experiments were carried  out to determine the e ffe c ts  of 
d iffe re n t  chemicals on c e ll v ia b i l i t y ,  some w ith a simultaneous assessment 
of the trypan blue exclusion conducted on the same c e ll sample.
3 .3 .3  Measurement o f the ra te  of oxygen uptake in  iso la te d  hepatocytes
The ra te  o f c e l lu la r  resp ira tion  in iso la ted  hepatocytes was determined
using a Clark Oxygen Electrode (Rank B ros., Bottisham, Cambridge). This
oxygen electrode consists of a platinum electrode covered by a T e f lo n ®
membrane which forms the base of a reaction  chamber in to  which small
volumes (approx. 3ml) o f reaction medium may be placed. The reaction
chamber is  sealed to exclude a i r  except fo r  a small hole through which
additions may be made to the reaction medium using a syringe. A small
magnetic f le a  is  placed in  the reaction chamber so th a t the medium may
be s t ir re d  a t a constant ra te . The platinum electrode is  polarised a t
-0.6V w ith respect to a s i lv e r -s i lv e r  chloride reference e lec trode . Under
(R}these conditions the oxygen, which d iffuses through the T e f lo n ^  membrane, 
a t the surface o f the electrode produces a curren t. Any change in the
oxygen a c t iv ity  causes a corresponding change in  current which may be 
monitored on a chart recorder (H e a th k it).
C a lib ration  o f the oxygen electrode:
The electrode was ca lib ra ted  by the method o f Robinson and Cooper (1970 ), 
a chemical method using N-methylphenazonium methosulphate (PMS) as a 
c a ta lys t instead o f iso la ted  mitochondria.
L I5 plus 10% fo e ta l c a lf  serum (3ml) containing 800 units o f catalase  
and 2 0 jm.g PMS was placed in  the reaction chamber, which was surrounded 
by a w ate r-jacke t containing water a t 37°C. The reaction medium was 
s tir re d  fo r  20 minutes to allow temperature e q u ilib ra t io n , and a i r  
sa tu ra tio n . The chamber was then sealed and 10 ,ul o f NADH ( 0 .1 - 0 .3/* mole) 
added to the s t ir re d  medium by syringe. When the current reached a 
steady s ta te  the add ition o f NADH was repeated. The mean scale  
d eflec tio n  was calcu lated  fo r  a known concentration o f NADH (ca lcu la ted  
spectrophotom etrica lly ), from these values the oxygen concentration o f 
the a i r  saturated so lution  may be ca lcu la ted , and hence the nmoles oxygen 
consumed per u n it o f d e flec tio n  fo r  one ml o f reaction medium determined.
Procedure:
Iso la ted  hepatocytes were incubated a t 37°C in  a shaking water bath.
c
Twenty ml volumes containing between 0 .5  and 2 .0  x 10 ce lls /m l and 
te s t chemical were used, incubating in  250ml conical f la s k s , to  allow  3ml 
samples to be removed a t time in te rv a ls  fo r  estim ation of the c e l lu la r  
resp ira tio n  ra te . The reaction was monitored on the chart recorder 
u n til a s tra ig h t lin e  response was recorded th a t was adequate to determine 
the ra te  o f oxygen consumption.
3 :3 .4  Measurement o f 7 -ethoxycoumarin 0-deethylase a c t iv ity  in  c e ll 
suspensions
7-Ethoxycoumarin 0-deethylase a c t iv ity  was used as a measure o f the m etabolic  
capacity o f the c e lls  w ith the aim o f fin d in g  out whether th is  could be 
used as a sen s itive  measure o f c e ll v ia b i l i t y .
Reagents:
(a) 7-Ethoxycoumarin (7-EC ); 35mM in dimethyl formamide (DMF).
(b) 7-Hydroxycoumarin standard; 400 ^g/ml in  DMF.
(c) 0.3M acetate b u ffe r; pH 4 .5 .
(d) 0 -g lucuronidase/sulphatase; dissolve crude 0 -glucuronidase  
containing sulphatase a c t iv ity  (type H - l ,  Sigma) in  acetate  
b u ffe r (c) a t 5mg/ml.
(e) Diethyl e ther containing 1.5% isoamyl a lcohol,
( f )  0.2M Glycine-NaOH b u ffe r pH 10 .4 .
(g) Ketodase (pure 0-glucuronidase in  acetate b u ffe r ) .
(h) Sulphatase; 100mg/6ml in  acetate b u ffe r.
( i )  Saccharo-1, 4 0 -la c to n e ; lOOmg in  2ml acetate b u ffe r .
Procedure: c
Samples of c e ll suspension (1ml) containing 10 ce lls /m l were placed in  
10ml conical flasks containing 2 /*1 o f 35mM 7-EC to give a f in a l  
concentration o f 70juM. The incubation was continued fo r  the required  
tim e, then the reaction was stopped by placing the samples on ic e . A 
0.5ml a liq u o t o f the c e ll suspension was then added quickly to 4.5ml 
d is t i l le d  water to lyse the c e lls  and also d ilu te  the fluorescence. 
Suitab le  blanks and standards were also run. A number o f experiments 
were carried  out to determine the e ffe c t  of chemicals on the a c t iv ity  
of 7-ethoxycoumarin 0-deethylase, some were carried  out in  the presence 
or absence o f added NADPH since i t  is  known th a t NADPH only re a d ily  
penetrates damaged plasma membranes.
Assay:
One ml samples ( in  t r ip l ic a te )  o f the d ilu ted  incubate were placed in
10ml Soveril tubes to which was added 0.2ml o f crude 0-g lucuronidase.
The tubes were incubated overnight a t 37°C then extracted w ith 5ml e th e r /
alcohol fo r  10 minutes. The phases were separated by cen trifu g in g  a t
2000g fo r  10 minutes. One ml samples o f the ether phase were back-
extracted in to  glycine/NaOH b u ffe r fo r  10 minutes. The ether phase
was aspirated and the fluorescence present in  the a lk a li  phase was
determined in  a flu o rim eter set a t A 370nm and A 450nm. Thisex em
gave the to ta l m etabolites produced by the c e ll suspension.
The products could be separated in to  fre e  and conjugated m etabolites  
by extracting  w ith ether p rio r to  tre a tin g  w ith deconjugating enzymes. 
The free  m etabolites would be extracted in to  the ether phase and could 
be back-extracted in to  glycine b u ffe r. The conjugated m etabolites  
could be fu rth e r separated in to  glucuronide and sulphate by tre a tin g  
samples separately w ith ketodase (pure /3-glucuronidase) and sulphatase 
with added 1,4 saccharolactone.
3.4  PROTEIN SYNTHESIS IN ISOLATED HEPATOCYTES
The incorporation o f ^ c ]-L e u c in e  in to  tr ic h lo ra c e tic  acid insoluble  
protein  o f iso la ted  hepatocytes v/as used as a measure of protein  synthesis  
The method used was adopted from th a t o f Seglen (1976a). Prelim inary  
experiments were carried  out to determine the ideal c e ll concentration  
and incubation times before the fo llow ing procedure was adopted.
3 .4 .1  Measurement o f ft^c]-Leucine uptake in to  iso la te d  hepatocytes 
One ml a liquots  of a suspension o f iso la ted  hepatocytes containing  
2 x 10^ c e l ls ,  100 nCi L- [u -^ c ]-L e u c in e  (s p e c ific  a c t iv ity  351 mCi/mmol) 
and te s t chemical a t the required concentration were incubated in  10ml 
conical flasks in  a shaking water bath a t 37°C. A fte r the required  
incubation time the c e ll suspension was tran sferred  to LP3 tubes and 
the c e lls  spun gently to a p e l le t .  The supernatant was removed and 
replaced by 1ml o f 10% tr ic h lo ro a c e tic  acid (TCA) to  p re c ip ita te  the 
protein  from the c e ll p e l le t .  The p re c ip ita te  was washed three times 
w ith 1% TCA to remove any residual la b e lle d  amino acids not incorporated  
in to  the pro te ins . The f in a l protein  p e lle t  was so lu b ilised  w ith  one ml 
of 0.5N NaOH overnight a t 37°C. Protein content was estimated by the 
method o f Lowry e t al (1951) using 0.1ml o f the so lu b ilised  sample. The 
remaining 0.9ml o f sample was neu tra lised  w ith 0.1ml 4.5N HC1. 250 ^1 
aliquots o f the neutra lised  sample were added to 4ml o f a s c in t i l la t io n  
cockta il composed o f: Toluene, 65% PP0, 1.5%; Metapol HC100, 32.5%)
together w ith 250 jul o f w ater.
The w ell mixed s c in t i l la t io n  cockta il containing the sample was l e f t  
overnight a t 0°C in  the dark to reduce quenching then counted fo r  
a c t iv ity  using a Hewlett Packard Tricarb  s c in t i l la t io n  counter.
A quench curve was determined fo r  the above preparation using carbon 
te tra c h lo rid e  as a quenching agent. The factors  fo r  the equation o f 
th is  curve, obtained using a computer program, were programmed in to  
the s c in t i l la t io n  counter to enable decompositions per minute to be 
determined d ire c t ly  from the sample counts. The [^ c ]-L e u c in e  
incorporated in to  the hepatocytes was expressed in terms of dpm/mg o f 
c e llu la r  p ro te in , or as a percentage o f the con tro l.
3 .4 .2  Prelim inary investigations
One ml samples o f iso la ted  ra t  hepatocytes containing 0 .5 ,  1 and 2 x 10 
ce lls /m l were incubated fo r  30, 60 and 90 minutes. Samples were run in  
t r ip l ic a te .  A fte r spinning the c e lls  to a p e lle t  the samples were 
trea ted  as described in  the method above ( 3 .4 .1 ) .
T143 .4 .3  The e ffe c t  o f xenobiotics on L C -Leucine uptake by iso la te d
hepatocytes
The e ffe c ts  o f a number o f xenobiotics, over a range o f concentrations,
on the uptake o f [^ c ]-L eu c in e  by iso la ted  ra t  hepatocytes were
fiinvestigated . Hepatocytes a t a concentration o f 2 x 10 ce lls /m l 
were incubated fo r  one hour, w ith t r ip l ic a te  samples fo r  each te s t  
chemical concentration and co n tro l. Where the experiments were repeated 
on more than one occasion means and standard deviation  were ca lcu la ted . 
The te s t chemicals were dissolved d ire c t ly  in  the medium i f  possib le , 
or in  DMF a t concentrations which enabled 10 m! or less o f DMF to  
be added to a one ml sample o f suspended c e lls .  Samples were tre a te d  
as described in  3 .4 .1 .
Experiments w ith hamster hepatocytes were .carried out according to the 
same procedure.
3 .4 .4  The e ffe c t  o f paracetamol on [^ c ]-L e u c in e  uptake in  hepatocytes 
iso la ted  from rats  pretreated w ith phenobarbitone
Rats were treated  w ith i .p .  in je c tio n s  o f phenobarbitone (70mg/kg) d a ily  
fo r  three days p r io r  to s a c r if ic in g  the animals and is o la tin g  hepatocytes 
Untreated animals were maintained under the same conditions. A fte r  
is o la tio n  o f the c e lls  cytochrome P450 was measured in both the pheni- 
barbitone pretreated and the untreated c e lls  s p e c tra lly  by the method o f 
Omura and Sato (1964) to check th a t induction o f the m etabolising enzymes 
had occurred. [^C  -Leucine uptake was determined as previously  
described ( 3 .4 .1 ) .  This experiment was repeated on three occasions, 
each sample being run in  t r ip l ic a te .  Means and standard deviations were 
calculated fo r  each concentration o f paracetamol.
us 10% 
-Leucine
3 .4 .5  E ffec t o f paracetamol on protein  degradation 
A fte r is o la tio n  hepatocytes were d ilu ted  to 10ml with L I5 medium p' 
fo e ta l c a lf  serum to contain a f in a l concentration o f 100 nCi 
per ml. This 10ml sample o f c e ll suspension was incubated fo r  one hour in  
a 100ml conical fla s k  in  a shaking water bath a t 37°C. A fte r about 50 
minutes incubation a sample o f c e ll suspension was taken to determine the 
c e ll v ia b i l i t y  and number. At one hour the c e lls  were spun gently  to a 
p e lle t  and the supernatant removed. The c e ll p e lle t  was washed twice 
c a re fu lly  w ith medium to remove residual ra d io a c tiv ity  and then made up
c
to a c e ll concentration of 4 x 10 ce lls /m l w ith  medium not containing  
[^ c ]-L e u c in e . A liquots of the c e ll suspension were then added to 
medium containing paracetamol to give a f in a l c e ll concentration o f 2 x 10* 
cells /m l and paracetamol concentrations o f 0 , 0 .1 , 5 and 40mM in  one ml 
duplicate samples. Two samples, w ithout paracetamol were processed 
immediately to determine the label present in  the c e l lu la r  p ro te in  a f te r  
the one hour incubation. Control and treated  samples were then incubated 
fo r  a fu rth e r  hour and processed as described previously ( 3 .4 .1 ) .
3 .4 .6  E ffe c t o f paracetamol on the uptake o f 14c -Leucine in to
iso la ted  hepatocytes ( in  re la tio n  to incubation time)
Iso la ted  ra t  hepatocytes were incubated as one ml samples containing  
2 x 10^ c e lls  a t 37°C in  a shaking water bath. At 5 , 10, 15, 20, 25, 
30, 45 and 60 minutes two samples were removed the c e ll suspension 
placed in  LP3 tubes and spun gently  to  a p e l le t .  The c e ll p e lle ts  
were washed twice w ith unlabelled medium and then the prote in  was 
p rec ip ita ted  w ith 6.5% TCA and the prote in  p re c ip ita te  spun to a p e lle t ,  
The supernatant was removed c a re fu lly  and a sample was counted to  
determine the TCA soluble ra d io a c t iv ity , the protein  p e lle t  was washed 
three times w ith 1% TCA and then so lu b ilised  w ith NaOH (o.5N) and 
treated  as previously described ( 3 .4 .1 ) .
This experiment was carried  out w ith  control and samples trea ted  w ith  
40mM paracetamol.
3 .4 .7  E ffe c t o f paracetamol on protein  secretion
Hepatocytes were iso la ted  from two rats  and the c e lls  were pooled and 
made up to 20ml w ith medium containing 100 nCi [^ c ]-L e u c in e /m l.
The c e lls  were incubated fo r  30 minutes in  a 250ml conical fla s k  a t  
37°C in  a shaking water bath then spun gently  to  a p e l le t  and washed 
twice c a re fu lly  w ith medium. The f in a l p e lle t  was made up to 10ml 
with medium and 2.5ml of the suspension dispensed to four 50ml conical 
f la s k s . Medium (2.5m l) was added to two samples of c e lls  and 2.5ml 
o f medium containing 80mM paracetamol was added to the remaining two 
50ml conical fla s k s . The four samples were incubated fo r  one hour the 
c e lls  were then spun to a p e lle t  and the supernatants removed and 
re ta in ed . TCA (5ml o f 20%) was added to  the supernatants to p re c ip ita te  
the p ro te in . The p re c ip ita te  was then spun to  a p e lle t  and tre a te d  as 
already described (3 .4 .1 ) .
3 .4 .8  To determine whether the e ffe c t  o f paracetamol on prote in  
synthesis is  revers ib le
Iso la ted  ra t  hepatocytes were incubated w ith or w ithout 40mM paracetamol 
fo r  one hour. The c e lls  were then washed c a re fu lly  and the media 
replaced w ith L I5 + 10% serum containing 100 nCi/ml [^ c ]-L e u c in e .
Control and paracetamol treated  samples were removed a t 5 minute 
in te rv a ls , fo r  30 minutes, the c e lls  spun to a p e lle t  then tre a te d  as 
previously described (3 .4 .1 ) .
3 .4 .9  E ffe c t o f paracetamol on protein  synthesis in  vivo in  the ra t  
W istar Albino rats  weighing approximately 70g were in je c te d  w ith  
1000 mg/kg paracetamol in DMF containing 2 Ci [^ c ]-L e u c in e  or DMF
w ith label alone. The animals were observed fo r  one hour and then k i l le d  
by cerv ica l d is lo ca tio n . The liv e rs  were removed immediately and placed 
in  20ml 10% TCA, chopped f in e ly  and homogenised w ith three strokes o f  
a P o tter Eveljhem homogeniser. A 5ml sample o f the homogenate was 
placed in  a Soveril tube and the p re c ip ita te  spun to  a p e l le t  and 
washed twice w ith 1% TCA then once w ith 70% ethano l, tw ice w ith  96% 
ethanol and f in a l ly  twice w ith e th er. The f in a l  protein  p e lle t  was 
so lu b ilised  in  5ml o f 0.5N NaOH. Samples were taken to  determine the 
protein  concentration and the a c t iv ity  o f [^ c ]-L e u c in e  present in  the 
p ro te in . The experiment was repeated on three occasions using three
te s t animals in each case. The animals were trea ted  and k i l le d  by 
cerv ica l d is location  in  a staggered fashion a t 10 minute in te rv a ls  
to enable each animal to have received the label fo r  the same length  
o f time p rio r to s a c r if ic e .
V
3.5 TO DETERMINE WHETHER PARACETAMOL HAS A SPECIFIC EFFECT ON EXPORT
PROTEINS
3.5 .1  Preparation o f cyanogen bromide activated  Sepharose conjugates 
Sepharose 4B (10ml) consisting o f an equal volume of gel and w ater, 
was washed w ith 100ml o f water through a s in tered-g lass funnel. The 
Sepharose was placed in  a small beaker w ith 10ml water and 20ml 2M Na2C0g 
and s t ir re d  in  a fume cupboard. Cyanogen bromide (1ml) in  a c e to n it r i le  
was then added ra p id ly , the mixture was s t ir re d  vigorously fo r  2 minutes 
and then.returned to the s in tered-g lass funnel and washed w ith 200ml o f 
cold 0.1M NaHCOg pH 9 .5  followed by 200ml o f cold water and 200ml 0.1M 
NaHCOg pH 9 .0 . A fte r  the la s t  wash the s lu rry  was f i l t e r e d  to  a moist 
compact cake under vacuum. (Three times th is  quantity  was a c tu a lly
prepared, as one batch, to produce s u f f ic ie n t  activated  Sepharose.)
Two th irds  of the Sepharose was tran sferred  to a b o ttle  to  which was 
added 17ml 0.1M NaHCO  ^ pH 9 .0  w ith 0.5M NaCl and 3ml o f ra t  an tisera  ( a ) ,  
the remaining th ird  o f the Sepharose was transferred  to another b o tt le  
to which was added 8.5ml o f the same b u ffe r and 1.5ml o f non immune
rab b it serum (b ) .  Coupling o f the activated  Sepharose w ith conjugates
was done overnight a t 4°C on a shaker.
Conjugates:
(a) An anti serum prepared against the serum o f laparotomised ra ts . The 
in je c tio n  schedule was th a t used by Mullock ejt al_ (1974). The an ti serum 
was shown by two dimensional crossed immune electrophoresis (Axelson
e t al_, 1973), w ith a commercially ava ilab le  a n t i - ( r a t  serum) incorporated  
in to  the upper g e l, to react w ith a l l  the major proteins o f ra t  serum.
(b) Non immune ra b b it serum.
In each case (a ) and (b ) ,  a g lobulin  fra c tio n  was prepared by p rec ip i-ta tio n  
w ith an equal volume o f ammonium sulphate.
The next day the two samples o f conjugated Sepharose were returned to  
separate s in tered-g lass funnels and drained quickly under vacuum. The 
fo llow ing procedure is  described fo r  a 10ml quantity  o f conjugated 
Sepharose, the q u an tities  were doubled fo r  the ra t  anti sera conjugate.
The s lu rry  was washed w ith 70ml o f coupling mix (0.1M NaHCOg, 0.5M NaCl, 
pH 9 .0 ) and allowed to stand in the cold fo r  about 10 minutes while  
IN! ethanolamine pH 9 .0  was prepared. The Sepharose was tran s fe rred  to  
a glass beaker containing 40ml o f the ethanolamine per 10ml o f Sepharose, 
and l e f t  a t room temperature fo r  2 hours. The mixture was then returned  
to the funnel and washed a lte rn a te ly  w ith 60ml portions o f coupling mix 
(pH 9 .0 ) and 0.1M acetate b u ffe r pH 4 .0  containing 0.5M NaCl, s ta rtin g  
and fin is h in g  w ith coupling mix, the la s t  portion o f each wash being 
drained gently under vacuum; there were 5 acid washes in  a l l .  The 
Sepharose was then placed in  a graduated tube washing out the funnel 
with 0.15M NaCl (+ 15mM NaN^). The Sepharose was allowed to s e t t le .
Each conjugated sample was adjusted so th a t i t  contained 50% Sepharose 
beads. The conjugated Sepharose was then incubated w ith la b e lle d  serum 
to determine whether or not i t  was ac tive  as fo llow s:
Sample 1. 0.3ml normal rab b it conjugated Sepharose
0.1ml [^ c ]- fu c o s e  lab e lle d  ra t  serum 
0.6ml 0.15M NaCl
Sample 2. 0.3ml a n t i - r a t  conjugated Sepharose
0.1ml [^ c ]-fu c o s e  lab e lle d  ra t  serum 
0.6ml 0.15M NaCl
These two samples (1 and 2) were placed in  LP3 tubes and shaken overnight 
at 4°C. The Sepharose was then spun to a p e lle t  and washed twice w ith  
0.15M NaCl. Sodium hydroxide (one ml o f 0.5M) was then added to  the 
p e l le t  o f Sepharose beads and heated a t 80°C fo r  30 minutes. A liquots  
were then added to s c in t i l la n t  (previously described in  3 .4 .1 )  and 
counted in  a s c in t i l la t io n  counter.
M  - la b e lle d  ra t  serum:
A ra t was in jec ted  intravenously w ith [}^ c] -fucose 135 minutes p r io r  to  
co lle c tio n  o f serum. Analysis by crossed immunoelectrophoresis, followed  
by autoradiography demonstrated th a t the label was incorporated in to  a l l  
the major serum glycoproteins.
3 .5 .2  Preparation o f L ^ c j  - la b e lle d  protein  from iso la ted  ra t
hepatocytes
Iso la ted  ra t  hepatocytes were prepared as described previously ( 3 .2 .1 ) .  
The f in a l hepatocyte suspension was divided in to  two portions (a) and
Both samples were incubated a t 37°C in  a shaking water bath fo r  2 hours.
The c e lls  were then spun to a p e lle t  in  Soveril tubes. The incubation  
medium was removed c a re fu lly  and stored frozen . Lubrol (5ml o f 0.5%) 
was added to each c e ll p e lle t  and mixed w ell to lyse the c e lls  com pletely. 
This was checked m icroscopically . The Lubrol samples containing the 
c e llu la r  m aterial were then centrifuged a t 40,000g in  an MSE Superspeed 50
fo r  1£ hours to remove a l l  the membraneous m ate ria l. The supernatant was
removed and stored frozen u n til requ ired , the p e lle ts  were also re ta in ed . 
A ll samples were stored a t -20°C u n til required.
3 .5 .3  A f f in i ty  experiments w ith activated  Sepharose conjugate 
The Lubrol e x tra c ts , containing in tr a c e llu la r  p ro te in , and the incubation  
media, containing e x tra c e llu la r  p ro te in s , were thawed and 0.6ml a liquots  
of the samples were added in  duplicate to both activated  Sepharose 
conjugates (0 .4m l) separately in LP3 tubes. The samples were incubated  
overnight a t 4°C on ro lle rs  to continuously mix them. A fte r  incubation  
the samples were spun in  a bench centrifuge (2000g) to p e l le t  the 
Sepharose beads. The supernatant was c a re fu lly  removed and re ta in ed .
The p e lle ts  were washed three times w ith one ml 0 .1 5M NaCl and the  
washings pooled w ith the supernatant. One ml o f 0.5N NaOH was added
to the f in a l p e l le t  o f Sepharose which was then heated a t 80°C fo r  30
minutes. A liquots were taken fo r  counting ra d io a c tiv ity . To the super­
natant plus washings was added 3ml o f 10% TCA to p re c ip ita te  the p ro te in . 
The p re c ip ita te  was washed three times w ith 1% TCA then one ml o f 0.5N NaOH 
was added to the f in a l protein  p e lle t  and l e f t  overnight a t 37°C to  
s o lu b ilis e  the p ro te in . Samples were then taken fo r  counting. The 
membrane p e lle t  obtained a f te r  the preparation of the Lubrol supernatant
fi
(b ) ,  each containing 20 x 10 c e lls  in  10ml.
Sample (a) contained L I5 + 10'% fo e ta l 
Sample (b) contained 40mM paracetamol 
Leucine
Leucinec a lf  serum with 2 ^ c i  L. C 
in  the medium w ith  2 u-Ci
Figure 1.
Flow chart fo r  procedures used in  experiments with  
activated  Sepharose conjugates
•c e ll suspension
incubate a t 37°C fo r  2 hours 
centrifuge a t 2 0 0 g fo r  one min.
>£---------
CELLS
add 5 ml Lubrol (mix w e ll)
 /c e n tr ifu g e  40,000rpm
( fo r  75 mins
supernatant
 a .
membranous p e lle t
a
MEDIUM
Sepharose beads 
(bound)
incubate 0.6ml w ith 0.4ml of 
conjugated CNBr Sepharose
heat a t  90 C fo r  30 mins 
with 0.5N NaOH
count ra d io a c tiv ity
spin down Sepharose 
and wash x 3 w ith NaCl
supernatant
(unbound)
acid ppt proteins  
(wash w e ll)
protein  p re c ip ita te
s o lu b ilis e  with  
0.5N NaOH
count ra d io a c tiv ity
was also counted. The procedure is  presented as a flow  chart 
(F ig . 1) fo r  c la r i ty .
The d ilu tio n  factors were ca lcu la ted . R ad io activ ity  was expressed
c
as dpm per 10 c e lls .
3.6  THE EFFECT OF XENOBIOTICS ON RNA SYNTHESIS   -------------------------------------
The incorporation o f [ C l  -U rid in e  in to  the ribonucleic  acids of 
iso la ted  ra t  hepatocytes was used as a measure o f RNA synthesis.
3 .6 .1  Measurement of -U rid in e  uptake in to  iso la ted  hepatocytes
The protein  p re c ip ita te  obtained from iso la ted  hepatocytes a f te r  • 
treatm ent w ith TCA also contains RNA. I t  was found th a t fu r th e r  
treatm ent o f the p re c ip ita te  by heating a t 90°C fo r  30 minutes followed  
by an ex trac tion  w ith 70% alcohol to remove lip id s  had no e f fe c t  on
A prelim inary experiment was carried  out to compare the e f fe c t  o f 
d iffe re n t  c e ll concentrations on the ra te  o f uptake. Iso la te d  ra t
per ml fo r  30, 60 and 90 minutes. There was an in i t i a l  time lag but a f te r  
30 minutes the uptake was approximately l in e a r  w ith time and c e ll 
concentration. I t  was, th e re fo re , decided to maintain a concentration  
of 2 x 106 ce lls /m l fo r  incubations as th is  gave a r e la t iv e ly  high 
a c t iv ity .
The e ffe c ts  o f paracetamol, phenobarbitone and sa fro le  a t d if fe r e n t  
concentrations on the uptake of -U rid in e  were in vestig a ted .
was, th e re fo re , followed fo r  L^cJ -U rid in e .
-U rid in e . 
Leucine
c
hepatocytes a t concentrations o f 0 .5 , 1 .0 , 1.5 and 2.0  x 10 ce lls /m l 
were incubated w ith 100 nCi [ u - ^ c ]  -U rid in e  (s p e c ific  a c t iv ity  497 mCi/mmol)
3 . 7  COVALENT BINDING
3 .7 .1  Measurement o f covalent binding of paracetamol m etabolites
to c e llu la r  protein
Iso la ted  ra t  hepatocytes (2 .3  x 10 c e lls /m l)  were incubated in L I5 + 
10% fo e ta l c a lf  serum containing paracetamol a t a concentration o f 40 
and 20mM with 0.422% £-hydroxy [ r in g - 3 ,  5 - ^ c ] ] - a c e ta n i l id e  
(s p e c ific  a c t iv ity  14.6 mCi/mmol, 97jj^Ci/mg). Twenty-four samples 
were prepared fo r  incubation, the lab e lle d  paracetamol being added to  
the samples ju s t  p r io r  to  commencing incubation a t 37°C. Samples, in  
duplicate were removed from incubation a t 5 , 10, 20, 40, and 60 minutes 
fo r  both 20 and 40mM paracetamol. The c e lls  were spun to a p e l le t ,  
the supernatant removed and one ml o f IN perch loric  acid added to  
p re c ip ita te  the p ro te in . The p re c ip ita te  was washed f iv e  times w ith  
perch loric  acid to remove a l l  the unbound la b e lle d  paracetamol. The 
p re c ip ita te  was so lu b ilised  in 0.5N NaOH and aliquots were counted to  
determine the amount o f a c t iv ity  bound to the c e llu la r  p ro te in .
Protein was assayed by the method of Lowry e t al_ (1951). The resu lts  
are expressed in nmoles of to ta l paracetamol bound per mg of p ro te in , 
assuming th a t a s im ila r  percentage binding o f unlabel led.paracetamol 
(or m etabolite) also occurred.
3 .8  GLUTATHIONE IN ISOLATED HEPATOCYTES
The g lutath ione content o f iso la ted  hepatocytes was assayed by a 
m odification o f the method of S a v ille  (1958).
G lutathione was extracted by adding 6.5% TCA (1ml) to the c e ll p e lle t
c
(2 x 10 c e lls  in  one ml) to p re c ip ita te  the p ro te in . A fte r  mixing 
w ell the samples were spun a t 1500g fo r  15 minutes and 0.1ml o f the 
supernatant was used fo r  the assay.
3 .8 .1  Glutathione assay 
Reagents:
(a) 0 . 0 01M aqueous sodium n i t r i t e .
(b) 0.5% aqueous ammonium sulphonate.
(c ) Mix one volume o f a 1% aqueous so lu tion  o f mercuric ch loride w ith
4 volumes o f a 3.4% solution  o f  sulphanilamide in 0.4N HC1.
(d) 0.1% solution o f N-l-naphthylethylenediam ine dihydrochloride in  
0.4N HC1 fre s h ly  prepared.
0.1ml o f sample in  6.5% TCA was added to 0.5ml o f so lu tion  (a ) and l e f t  
fo r  5 minutes. 0.1ml o f (b) was added, mixed w ell and l e f t  fo r  two 
minutes. One ml o f so lu tion  (c) was then added followed by 0.8ml 
o f solution (d ) .  A fte r  10 minutes the absorbance was read a t 540nm.
S u itab le  controls and standards were always run. At concentrations o f 
up to IGQjig/ml o f g lutath ione the standard curve was l in e a r ,  passing 
through zero.
3.9 ASSAY OF ADENOSINE TRIPHOSPHATE IN ISOLATED HEPATOCYTES 
Iso lated  hepatocytes (1ml) were incubated a t a c e ll concentration o f
0.5  x 10^ ce lls /m l w ith 40mM paracetamol, 20mM phenobarbitone, lOmM 
sa fro le  w ith control samples fo r  three minutes a t 37°C. The reaction  
was stopped by the addition o f 4ml cold IN perch loric  ac id . A fte r  10 
minutes the p rec ip ita ted  protein  was spun a t 1500g fo r  .15 minutes to a 
p e l le t .  The supernatant was c a re fu lly  removed and neu tra lised  w ith  the 
required amount o f 5M K2CO3 which p rec ip ita ted  the perch lo ric  ac id . 
A fte r 30 minutes the perch loric  acid p re c ip ita te  was spun to a p e lle t  
(1500g fo r  15 minutes) and the supernatant was used as quickly  as 
possible to assay fo r  ATP.
ATP was assayed using a Boehringer te s t k i t  based on the method o f 
Bucher (1947).
The fo llow ing reagents were used:
(1) Buffer/G lycerate-3-phosphate
containing tr ie th an o l amine b u ffe r pH 7.6 0 .5m o l/l
MgSO^  4mmol/l
glycerate-3-phosphate 6mmol/l
(2) NADH 2.5mmol/l
(3) GAPDH/PGK/GDH/TIM > 560u/mol ;>450u/ml ;>800u/ml;>1000u/ml
Two ml o f so lution ( 1 ) ,  0.2mls o f so lution (2) and the deproteinised  
supernatant, were placed in a cuvette and mixed w e ll. The absorbance 
was read a t 340nm then 0.02ml o f suspension (3) was added. A fte r  10 
minutes the absorbance was read again, readings being repeated u n til  
the reaction stopped.
Using the conversion fa c to r  provided, and allow ing fo r  appropriate
c
d ilu t io n s , the concentration of.ATP/10 c e lls  was calcu lated  fo r  each 
sample.
3.10 ASSAY OF CYCLIC AMP IN ISOLATED HEPATOCYTES
C yclic AMP was assayed using a k i t  supplied by the Radiochemicals Centre, 
Amersham (code TRK.432). The assay is  based on the competition between 
unlabelled c yc lic  AMP and a fixe d  quantity  o f the tr it iu m  la b e lle d  
compound fo r  binding to a protein  which has a high s p e c if ic ity  and 
a f f in i t y  fo r  cyc lic  AMP. The amount o f la b e lle d  p ro te in :c y c lic  AMP 
complex formed is  inverse ly  re la ted  to the amount o f un labelled  c y c lic  
AMP present in the assay sample. Measurement o f the p rote in  bound 
ra d io a c tiv ity  enables the amount o f unlabelled cyc lic  AMP in  the samples 
to be ca lcu la ted .
Separation of the protein  bound c yc lic  AMP from the unbound nucleotide  
is  achieved by adsorption of the free  nucleotide on to coated charcoal, 
followed by cen trifu g a tio n . An a liq u o t o f the supernatant is  then 
removed fo r  liq u id  s c in t i l la t io n  counting. The concentration o f 
unlabelled c yc lic  AMP in the sample is  then determined from a lin e a r  
standard curve.
Preparation o f samples fo r  the assay:
fi
Iso la ted  ra t  hepatocytes (2 x 10 c e lls /m l) were incubated w ith^control 
medium, 40mM paracetamol, 20mM phenobarbitone, and lOmM sa fro le  a t 37°C 
in  a shaking water bath. At in te rv a ls  o f 5 , 10, 30 and 60 minutes 
duplicate samples were removed from the incubator and placed on ic e .
The samples were transferred  to LP3 tubes and the c e lls  spun gently  to  
a p e lle t  followed by removal o f the supernatant. One ml o f cold 5%
TCA was added to the p e l le t ,  mixed well and l e f t  fo r  15 minutes a t  0°C. 
The samples were mixed again then the p re c ip ita te  was separated by 
spinning the samples of 2000 rpm fo r  15 minutes. The supernatants were 
c a re fu lly  removed and placed in  Soveril tubes. HC1 was added to bring  
the f in a l concentration to 0.1N HC1 ( i . e .  0.1ml o f 1.1N HC1 to  one ml 
of sample). TCA was extracted from the samples w ith 5ml water saturated  
d ie th y l e th er. The 10 minute extractions were repeated f iv e  tim es.
A fte r the la s t  extraction  any excess ether was removed by heating the 
samples in  a water bath a t 70-90°C in  a fume cupboard. The samples were 
then lyophylised and reconstitu ted  in  a small volume of acetate b u ffe r  
(50mM, pH 6 .2 ) and aliquots o f th is  used in  the cy c lic  AMP assay.
3 .1 1  THE PREPARATION OF MICROSOMES FROM ISOLATED RAT HEPATOCYTES
A number o f attempts were made to obtain a microsomal fra c tio n  from 
iso la ted  hepatocytes with the aim o f carrying out polyacrylamide gel 
electrophoresis on the fra c tio n  in order to give fu rth e r  inform ation  
concerning the e ffe c ts  o f xenobiotics on protein  synthesis in  hepatocytes. 
I t  was re a lis e d , however, th a t th is  was te c h n ic a lly  very d i f f i c u l t  as 
the y ie ld s  were fa r  too small to enable fu rth e r  fra c tio n a tio n  in to  
samples containing sm aller molecular weight ranges o f proteins and 
d is tin c tio n  between the separate protein  bands on the ge ls . Some of 
the techniques attempted are described below.
Iso la ted  hepatocytes were suspended in 1.15% KC1 pH 7 .4  and homogenisation 
was attempted using the fo llow ing techniques: Potter-E lvehjem , a p o ly tron ,
a Dounce homogeniser, sonic bath and a sonic probe. Microscopy was used 
i n i t i a l l y  to determine whether or not the c e lls  were d isrupted. The 
homogenetes were then centrifuged a t 20,000g fo r  20 minutes. I f  i t  was 
f e l t  th a t the homogenisation had been successful the supernatant was 
fu rth e r  centrifuged a t 1 0 0 , 0 0 0g fo r  one hour in  an attempt to  obtain, a 
microsomal p e lle t  which could be resuspended in  a sucrose/tris/EDTA b u ffe r . 
The protein  concentration o f the microsomes were assayed by the method o f  
Lowry e t al_ (1951).
The v ia b i l i t y  o f some microsomal preparations was assessed by measuring 
the a c t iv ity  o f NADH cytochrome C reductase or ethoxycoumarin 0 -deethylase  
a c t iv ity .
Sodium dodecyl sulphate-polyacrylam ide gel electrophoresis was used fo r  
a couple o f the microsomal preparations in  an attempt to  separate the 
pro te ins.
3.11.1 Sodium dodecyl sulphate-polyacrylam ide gel e lectrophoresis  
Sodium dodecyl sulphate (SDS)-polyacrylamide gel electrophoresis was 
used as a means o f separating microsomal proteins fo llow ing the 
s o lu b ilis a tio n  o f microsomes in  b u ffe r containing SDS. The method used 
was th a t o f Laemmli (1970) which u t il is e d  a discontinuous b u ffe r  system.
Reagents:
Gel stock: 30% ( V/^) Acrylamide containing 0.8% (w/v) NN1 methylene
bisacrylamide (b is )
B uffer 1 : 1.5M Tris-HCl (pH 8 . 8 ) containing 0.4% (w/v) SDS
B uffer 2 : 500mM Tris-HCl (pH 6 . 8 ) containing 0.4% (w>^ ) SDS
Buffer 3 : 25mM Tris-HCl (pH 8 .3 ) containing 0.1% (Wy^ ) SDS and
192mM glycine
B uffer 4 : 62.5mM Tris-HCl (pH 6 . 8 ) containing 2.3% (w/v ) SDS, 15% ( v/v)
g ly c e ro l, 5% ( v/ )  mercaptoethanol and 0.001% (WA) bromophenol 
blue
Propan-2-ol/a c e t ic  acid /w ater (25 :10 :65 , by vo l) containing 0.05% (w/y) 
Coomassie Blue G-250 
Propan-2-ol/a c e t ic  acid /w ater (10 :10 :80 , by v o l) .
Procedure:
An a ir-co o led  v e rt ic a l slab gel apparatus was used fo r  these studies and 
electrophoresis was always carried  out in  a cold-room a t 4°C. A glass 
cuvette was used to contain the g e l, which had f in a l dimensions o f  
120 x 80mm x 1.5mm.
The glass cuvette was assembled by clamping perspex spacers between the 
glass plates to form the sides and bottom of the cuvette. The gaps 
between the perspex and glass were sealed by running a warm Agar so lu tion  
(2% W/^) along the edges. The glass cuvette was then clamped in  a v e r t ic a l  
pos itio n .
The lower (separating) gel was prepared by mixing B uffer 1 (10m l), gel 
stock (1 3 .4 m l), water (1 6 .6 m l), ammonium persulphate so lu tion  (fre s h ly  
prepared, 10% (W/v)» 240 jj^ I ) and N,N,N! ,N '-tetram ethylethylenediam ine  
(TEMED, 2 0 ^ 1 ) .  The solutions were mixed thoroughly and p ipetted  in to  
the glass cuvette to a height o f about 70mm, using a Pasteur p ip e tte .
A layer o f water (about 5mm) was c a re fu lly  introduced above the gel 
mixture to ensure a completely f l a t  in te rfa c e  between the water and the 
acrylamide gel a f te r  i t  had polymerised. When polym erisation was 
complete-, the water layer was removed and the upper (stacking) g e l,  
consisting o f a m ixture o f B uffer 2 (2 .5 m l), gel stock (1 .0 m l) , water 
6 .5m l), ammonium persulphate so lution  (10% (w/v ) ,  6 ( ju.1) and TEMED (20 ju .l)
was added to the cuvette above the separating g e l. A perspex comb 
was introduced in to  the top o f the cuvette to form the sample w ells  
w ith in  the stacking gel a f te r  polym erisation had occurred. When the 
stacking gel had se t, the comb was c a re fu lly  removed and a small volume 
of B uffer 3 introduced in to  the top o f the cuvette to ensure separation  
of the sample w e lls . The perspex spacer was removed from the bottom o f 
the cuvette before clamping the cuvette in to  the electrophoresis  
apparatus. The upper and lower b u ffe r reservoirs were f i l l e d  to su itab le  
leve ls  w ith electrode b u ffe r (B u ffe r 3 ) .  Microsomal suspensions were 
d ilu ted  w ith sample b u ffe r (B u ffe r 4) to a f in a l concentration o f 3mg 
microsomal p ro te in /m l. The samples were placed in a b o ilin g  water bath 
(2 -3  min) p r io r  to app lication  to the stacking g e l. The amount of 
microsomal protein applied to the gel was 5 /xg . E lec tro ­
phoresis was carried  out using a constant current o f 20mA in the stacking  
gel and th is  was increased to 40mA when the bromophenol blue tracking  dye 
entered the separating g e l. The electrophoresis was continued u n til the 
tracking dye was w ith in  5mm of the end of the g e l.
A fte r the electrophoresis was complete, the cuvette was removed from the 
apparatus and the two halves separated. The stacking gel was cut .away 
from the separating gel and the la t t e r  immersed overnight in a so lu tion  
which stained fo r  protein  (p ropan-2-o l/a c e t ic  ac id /w ater, 25 :10 :65 , by v o l,  
containing 0.05% (w/y) Coomassie Blue G-250). Destaining o f the background 
gel was achieved by immersion o f the gel in  a mixture o f propan-2 -o l /a c e t ic  
acid /w ater (10 :10 :80 , by vo l) fo r  a su itab le  length o f tim e. Gels were 
stored in  3% (w/v) g lycerol a t 4°C.
3 .11 .2  NADH -  cytochrome C reductase assay
NADH -  cytochrome C reductase a c t iv ity  was measured by monitoring the 
ra te  o f reduction o f exogenous cytochrome C a t 550nm (E= 21,000M"^cnf^) 
in  a dual beam spectrophotometer (Cary)(Prough e t al_, 1976). The reaction  
mixture consisted o f 40^M cytochrome C, 200jjlM NADH, IOOjjlM EDTA in 0.1M 
potassium phosphate b u ffe r pH 7.7 contained in  a 1ml cuvette (1cm l ig h t  
b ath ). KCN (500^*.M) was added to the incubation to in h ib it  the 
reoxidation o f cytochrome C. The reaction temperature was 25°C.
Reaction m ixture:
Cytochrome C
In i t i a l  Cone. 
400
Final Volume in M ixture
0.1ml
0.1ml
0 . 1ml
0 . 1ml
0.5ml
0 . 1ml
NADH
KCN
EDTA
2mM
5mM
ImM
0.1Mb u ffe r pH 7.7  
cells /supernatan t 2 x 10  ^ ce lls /m l
The add ition  o f 10^1 o f ImM Rotenone was used to determine i t s  e f fe c t
on the a c t iv ity  o f NADH cytochrome reductase.
Protein content of the supernatant was assayed by the method o f Lowry
e t (1951).
3 .11 .3  Assay o f 7-ethoxycoumarin 0 -deethy la tio n  in microsomes 
7-Ethoxycoumarin 0-deethylase a c t iv ity  was measure by determining the 
amount o f 7-hydroxycoumarin produced from exogenously added 7-ethoxycoumarin 
during a 10 minute incubation with microsomes. The method was adapted from 
th a t o f A it io  (1978).
Reaction m ixture:
B uffer (0.1M Tris/HCl pH 7 .4 ) containing 100^M 7-EC 0.35ml
G6PD (lO u/m l) 0.35ml
Regenerating system:
NADP 10yjumol/ml J
G6 P 50^m ol/m l I 0.05ml
MgCl 2 50jjimol/ml j
Incubate fo r  2 minutes
Microsome (lOmg p ro te in /m l) in tris /H C l b u ffe r 0.05ml
Incubate fo r  10 minutes
The reaction was stopped by adding 0.5ml o f 0 .31M TCA. A fte r  
thorough mixing the pH o f the mixture was brought to  about pH 10 
by adding 4ml o f 1.6M NaOH-glycine b u ffe r (pH 1 0 .3 ). The prote in  
p re c ip ita te  was removed by cen trifu g a tio n  and the amount of 
7-hydroxycoumarin measured f lu o r im e tr ic a lly  ( \  370, X 450).
ca em
Suitab le blanks and standards were run simultaneously.
3.12 PRIMARY MONOLAYER CULTURES OF ADULT RAT HEPATOCYTES 
Hepatocytes were iso la ted  from adu lt ra t  l iv e r  according to the method 
previously described w ith the fo llow ing m odifications. A ll the 
procedures were carried  out a s e p tic a lly  in a lamina a i r  flow cabinet 
using s te r i le  glassware, solutions and media. S te r i le  PBS'A1 was 
supplemented w ith gentamicin (76 ju j/m 1) aiid the collagenase/hyaluronidase  
solution  was f i l t e r  s te r il is e d  p r io r  to use. A fte r  is o la tio n  the f in a l  
c e ll p e l le t  was resuspended in  s te r i le  L iebovitz ( L I5) medium supplemented 
with 10% ( v/v) fo e ta l c a lf  serum, 10% ( v/v) tryptose phosphate broth and 
( V/ , )  p en ic illin /s trep to m yc in  (complete medium). A fte r  determining thev g
c e ll y ie ld  and v ia b i l i t y  the c e lls  were d ilu te d  to 10 c e lls /m l.
Hepatocyte cultures were prepared in  Falcon flasks (sometimes w ith the 
p la s tic  substratum coated, then a i r  dryed with ra t  t a i l  c o lla g e n ), or 
Leighton tubes containing collagen-coated coverslips (10.5mm x 22mm). 
Suspension (2ml) was introduced in to  the former, one ml in to  the la t t e r .
The cultures were incubated a t 37°C fo r  2 hours. The medium containing  
unattached c e lls  was then c a re fu lly  removed and replaced w ith fresh  
medium. About 20 hours la te r  the medium was again removed and the c e ll  
monolayer was washed c a re fu lly  w ith PBS * A1 then fresh medium was 
introduced. A fte r a fu rth e r  incubation o f about 24 hours, during 
which the cultures were able to recover from the trauma o f is o la tio n  
y e t contained only very small numbers o f f ib ro b la s ts , the cu ltures were 
ready to use to study the e ffe c ts  o f xenobiotics on a number o f d if fe re n t  
parameters. Xenobiotics were added to the cultures as a s o lu tio n , o r a 
sonicated mixture in  complete medium, or dissolved in  DMF a t a concentration  
which enabled less than 10 jxl to be added per ml o f incubation medium.
3.12.1 Hepatocyte arch itectu re
Changes in  hepatocyte arch itec tu re  were investigated  a f te r  s ta in in g  
cultures w ith Giemsa, or haematoxylin and eosin s ta in s .
(a) Giemsa sta in in g  o f cultured hepatocytes:
Reagents:
1. PBS'A1
2. Absolute methanol
3. Giemsa s ta in  -  Difco 'Bacto 71'
4. Buffers (a ) M/lg Na2HP04 -2H20
(b) M/15 Na H2 P04 -2H20
5. Working b u ffe r : -  so lution  (a ) 50ml
(b) 50ml 
D is t il le d  water to 900ml.
Method:
Cultures were mixed w ith PBS'A' then flooded w ith methanol and l e f t  fo r  
one minute. They were drained and replaced w ith fresh methanol which 
was l e f t  fo r  a fu rth e r  10 minutes. The methanol was discarded and the 
culture  flooded w ith the prepared Giemsa s ta in . The undiluted s ta in  
was allowed to remain in  contact w ith the c e lls  fo r  one minute then
working b u ffe r was added to d ilu te  the s ta in  1 in  5 and the preparation
l e f t  fo r  a fu rth e r two minutes, followed by rapid rin s in g  in  working 
b u ffe r u n til fre e  o f excess s ta in . A fte r a i r  drying glass cover s lip s  
were e ith e r  immersed in  xylene and mounted in DPX, or fo r  examination 
by microscopy and photography o f the cultures in  p la s tic  flasks  the 
working b u ffe r was added or the flasks simply stored a f te r  a i r  drying.
(b) Haematoxylin and eosin s ta in in g  o f cultured hepatocytes:
Cultures on cover s lip s  from Leighton tubes were used in  the fo llow ing  
procedure: 1. Rinse with PBS'A'.
. 2 .  F ix in Acetic Alcohol Formalin fo r  5 minutes.
3. Rinse w ith tap w ater.
4. S tain w ith 50% v/v aqueous Haematoxylin (H a rr is ) fo r
2 minutes.
5. Rinse w ith tap w ater.
6 . Immerse in  0.5% HC1 fo r  15 seconds.
7. Immerse in  0.05% lith iu m  carbonate fo r  5 minutes.
8 . Rinse w ith 70% alcohol.
9. S tain  w ith Eosin fo r  one minute.
10. Rinse twice in absolute alcohol.
11. C lear w ith xylene.
12. Mount in  DPX.
3 .12 .2  The e ffe c t  o f xenobiotics on c e ll attachment
This was determined by counting the nuclei o f the attached c e lls .
Method:
The incubation was removed from the cu ltu re  f la s k  and replaced w ith 2ml 
o f 0.033% crysta l v io le t  in 0.1M c i t r ic  acid . The flasks were incubated 
a t 37°C fo r  one hour. The c e lls  were removed from the cu ltu re  surface  
by ag ita tin g  them w ith a Pasteur p ip e tte . An a liq u o t o f the w ell mixed 
nuclei suspension was then counted to determine the number o f nuclei
using an improved Neubauer counting chamber.
3 .12 .3  Assay fo r  glutamic oxaloacetic transaminase
Glutamic oxaloacetic transaminase (GOT) was assayed using a Boehringer
Test Combination K it (C at. No. 124478). A fte r  the appropriate treatm ent 
the medium was removed from the cu ltu re  f la s k s . The monolayer cu ltu re  
was washed twice w ith PBS'A1, the washings being pooled w ith the medium. 
Water (1ml) was then added to the cultures and the c e lls  were detached 
from the cu lture  surface using a "rubber policeman". The c e ll suspension 
was transferred  to LP3 tubes, to ta l ly s is  o f the c e lls  was ensured by 
freezing  and thawing three tim es. GOT a c t iv ity  was measured .in both the 
medium and the c e lls .  The amount of GOT leaked from the c e lls  was 
calculated from the to ta l present in  both the c e lls  and the medium.
3 .1 2 .4  Enzyme cytochemistry
The fo llow ing enzymes were monitored in  cultured ra t  hepatocytes using 
cytochemical methods based on those o f Chayen e t (1973).
(a) Glucose-6 -phosphate dehydrogenase:
Reaction medium: 0.05M g lycylycine b u ffe r pH 7.9
0.3% neotetrazoliurn ch loride - 
5.0% polypeptide.
Just before use 2.5mg/ml NADP (disodium s a lt ) , ,  1.5mg/ml G6 P (disodium  
s a lt )  and 0 . 2mg/ml phenazine methosulphate were added, the f in a l  
solution was bubbled w ith nitrogen and one ml introduced in to  Leighton 
tubes.
(b) NADPH^  -  diaphorase:
To the reaction medium (a) was added 5mg/ml NADPf^, th is  was then 
bubbled w ith nitrogen and one ml introduced in to  Leighton tubes.
(c) Succinate dehydrogenase:
Sodium succinate hexahydrate ( 6 8 mg) was added to  5ml o f the reaction  
medium and 0.2mg/ml phenazine methosulphate. The so lu tion  was bubbled 
with nitrogen and added to Leighton tubes as before.
The reaction time fo r  a l l  three enzymes was 45 minutes. The cover 
s lip s  were then removed from the Leighton tubes, a ir-d ry e d , and mounted 
in  g lycerin  j e l l y .  The colour reactions were q u an tified  using a 
densitometer (V ickers , M85, Scanning and In teg ra tin g  M icrodensitom eter).
These cytochemical techniques had been used previously in our laboratory .
I t  was therefore  considered th a t they had been s u ita b ly  v a lid a ted , 
fu rth e r  supported by the work o f Chayen e t al_ (1973). P rio r to  quantify ing  
the colour reactions fo r  any experiment the microdensitometer was adjusted  
to give the optimal wavelength and spot s ize . .The machine settings  
were then unchanged fo r  the assessment of a l l  s lides o f a specified  
colour reaction w ith in  each experiment. The resu lts  are expressed in  
terms o f a rb itra ry  machine u n its .
3 . 1 2 . 5  P r o te in  s y n th e s is  in  p r im a ry  c u l t u r e s  o f  a d u l t  r a t  h e p a to c y te s
The method used was e s s e n tia lly  the same as th a t already described fo r  
hepatocyte suspensions. Complete cu ltu re  medium containing lOOnCi [ ^ c ]  -  
Leucine per ml together with the required amount o f te s t compound was 
added to the cultures and incubated a t 37°C fo r  one hour. The medium 
was then removed and the c e lls  washed w ith PBS'A' to remove any residual 
label not incorporated in to  the c e lls . PBS'A' ( lm l) was then added to 
the cultures and the c e lls  were detached from the cu ltu re  surface w ith  
the aid o f a "rubber policeman". The c e ll suspension was then removed 
from the Falcon flas k  and placed in LP3 tubes and trea ted  as previously  
described (3 .4 .1 ) .
3 .12 .6  7-Ethoxycoumarin 0-deethylase a c t iv ity  in  cultures  
The method used was id e n tic a l to th a t described in 3 .3 .4  fo r  hepatocyte 
suspensions except th a t 1 0 /x l o f 140mM 7-ethoxycoumarin was added to 20ml 
of cu ltu re  medium. The cultures were incubated w ith a 4ml volume o f the 
substrate/medium so lu tio n . A fte r  deconjugation the samples were extracted  
with 5ml hexane p r io r  to the ether alcohol extraction  to  remove any 
unreacted 7-ethoxycoumarin. Samples could be stored fo r  up to one week 
a t -20°C w ithout Toss o f 7-hydroxycoumarin a c t iv ity .
C H A P T E R  4
R E S U L T S
RESULTS
4.1 INTRODUCTION
Hepatocytes were iso la ted  by the method o f Fry et_ al_ (1976) from adult 
male W istar Albino rats  or Golden Syrian hamsters. I t  was assumed th a t  
i f  g reater than 80% o f the hepatocytes excluded trypan blue the 
preparation was v iab le  fo r  the purposes o f the work described in  th is  
th es is . This assumption was based on the work carried  out by Fry e t  al 
(1976) w ith in  the same laborato ry . These workers demonstrated 
th a t iso la ted  hepatocytes metabolise foreign compounds w ithout the 
addition  o f exogenous cofactors,which together w ith the a b i l i t y  o f the 
c e lls  to exclude trypan b lu e ,is  in d ic a tiv e  o f a functional in ta c t  plasma 
membrane (Fry e t al_, 1976; Wiebkin e t al_, 1976). They also demonstrated 
th a t endogenous glycogenolysis was stim ulated by glucagen providing  
evidence fo r  the existence o f functioning hormonal receptor s ite s  w ith in  
the iso la ted  hepatocytes (Fry e t al_, 1976).
Figure 1 is  a photograph o f a typ ica l sample taken from a preparation o f 
iso lated .hepatocytes. Trypan blue was added and the sample viewed under 
a l ig h t  microscope a t x200 m agnification . The c e lls  coloured blue are 
the non-viable c e lls  which have taken up the dye.
4 .2  VIABILITY ASSESSMENT
The i n i t i a l  series o f experiments to be reported investigated  the e f fe c t  
of exogenously added chemicals on the v ia b i l i t y  o f iso la te d  hepatocytes.
A number o f d if fe re n t  c r i te r ia  o f v ia b i l i t y  were compared.
4 .2 .1  Trypan blue exclusion
The f i r s t  c r ite r io n  investigated  was the a b i l i t y  o f hepatocytes to exclude 
the dye trypan blue. Tables la  and lb give the resu lts  from two experiments 
which are representative o f a series carried  out to determine the e f fe c t  o f 
a range o f concentrations o f paracetamol on the v ia b i l i t y  o f is o la te d  ra t  
hepatocytes. Table la  demonstrates th a t there was very l i t t l e  change in  
v ia b i l i t y  w ith time except a t the 40mM level a t w h ic h ,a fte r 90 m inutes, 
the v ia b i l i t y  f e l l  to 46%. Table lb shows the resu lts  o f a very s im ila r  
experiment where there were no dramatic changes in  the v ia b i l i t y  o f the 
hepatocytes as a re s u lt o f treatm ent w ith paracetamol. V ia b i l i t y  was
reduced only s l ig h t ly  to 82% a f te r  90 minutes treatm ent w ith 40mM 
paracetamol. In view o f the v a r ia b i l i t y  experienced w ith the e f fe c t  o f 
paracetamol on iso la ted  ra t  hepatocytes, supported by e a r l ie r  in vestig a tio n s  
(Gwynn, 1976), the species was changed. The hamster has been shown to  
be more susceptible to the e ffe c ts  o f paracetamol in vivo (Davis e t a l ,
1974) and has also been used as an in v itro  model fo r  to x ic ity  (Smith 
and Jollow , 1977).
The e f fe c t  o f paracetamol was then investigated  in  hamster hepatocytes 
(Figure 2) using a s lig h t ly  d if fe re n t  method. The iso la ted  c e lls  were 
incubated fo r  two hours in  medium containing 25mM paracetamol, the control 
was incubated under id e n tic a l conditions but w ithout paracetamol. A fte r  
two hours the c e lls  were spun to a p e l le t  and the medium was replaced w ith  
control medium w ithout paracetamol. The v ia b i l i t y  o f the c e lls  was 
assessed by trypan blue exclusion a t  two hours when the medium was changed 
and again a t in te rv a ls  fo r  another three hours. The paracetamol was 
found to be more to x ic  to the hamster hepatocytes than i t  was in  the 
previous experiments w ith ra t. hepatocytes.
In fu rth e r  experiments w ith hamster hepatocytes a range o f concentrations  
o f paracetamol was used. I t  is  in te re s tin g  to note (see Figure 3) th a t  
the lower concentrations were consis ten tly  more tox ic  to  the hepatocytes 
in  the ea rly  stages o f the time course than the higher concentrations. 
Although th is  phenomenon was reproduced in f iv e  s im ila r  experiments some 
doubt was cast as to the v a l id ity  of the trypan blue exclusion te s t as a 
crite rio n  o f  v ia b i l i t y  assessment in  hamster hepatocytes. This was due 
to the fa c t th a t w ith hamster hepatocytes the non-viable c e lls  formed large  
aggregates during the incubations which meant th a t an accurate determ ination  
of the v ia b i l i t y  index was not possib le. The cause o f these aggregates 
was investiga ted . The add ition o f DNAase had no e f fe c t  on the large  
clumps o f ce lls  in d ica tin g  th a t DNA was not responsible (Bellemann e t  a l , 
1977b). The add ition o f protease, however, helped to disaggregate the clumps
and i t  was, th e re fo re , considered th a t protein  was being secreted by
the c e l ls ,  or being released when a c e ll was damaged, causing the c e lls  
to-clump together. These c e ll aggregates were fa r  more apparent w ith  the 
hamster hepatocytes, where they were present both a f te r  treatm ent w ith  
paracetamol a t a l l  concentrations and in  control preparations a f te r  two to
three hours o f incubation, than w ith ra t  hepatocytes.
F ig u re  1:
A typ ica l suspension o f iso lated  ra t  hepatocytes stained with  
trypan blue. The dark blue stained c e lls  are non-viable. 
(M agnification x200)
T a b le  1
E ffec t o f paracetamol on the v ia b i l i t y  o f iso la ted  ra t  hepatocytes 
using trypan blue exclusion as the c r ite r io n  o f assessment.
(a)
Time Percentage v ia b i l i t y
Mins. Control O.lmM 5mM 40mM
0 91 - - -
30 86 83 84 80
60 82 84 86 59
90 81 82 87 46
(b)
Time Percentage v ia b i l i t y
Mins. Control lOmM 20mM 40mM
0 96 92 •91 93
30 92 87 89 91
60 90 85 90 86
90 88 90 91 82
These two tables give the resu lts  o f two experiments (ty p ic a l o f 6 ) 
demonstrating the e ffe c ts  o f a range o f concentrations o f paracetamol.
Figure 2 : E ffe c t o f paracetamol on the v ia b i l i t y  o f iso la ted  hamster
hepatocytes using trypan blue exclusion as the c r ite r io n  
of assessment
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6Iso lated  hepatocytes (10 /m l) were preincubated in  the presence,®— •  
or absence,▼— ▼ , o f 25mM paracetamol fo r  two hours, the medium was 
then changed fo r  medium without paracetamol (ind ica ted  by arrow ). Each 
point is the mean o f three values and the experiment is typ ica l o f two 
carried  out.
Figure 3 : E ffe c t o f a range o f concentrations o f paracetamol
on c e ll v ia b i l i t y  o f hamster hepatocytes assessed 
by trypan blue exclusion
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Iso lated  hepatocytes (10 /m l) were preincubated with paracetamol fo r
two hours; *  v , control; ▼— ▼ ,lmM; ■-------■ ,10mM; o— o,20mM.
The medium was then changed fo r  control medium (ind ica ted  by arrow ). 
Each point is  the mean o f three estim ations. This experiment is  one 
typ ica l o f f iv e .
4 .2 .2  Lactate dehydrogenase release
The second c r ite r io n  investigated  fo r  v ia b i l i t y  assessment was leakage 
of the cytoplasmic enzyme la c ta te  dehydrogenase from iso la te d  hepatocytes. 
Lysis o f the c e lls  w ith T rito n  X I00 enabled an estim ation o f the to ta l  
in t r a c e llu la r  la c ta te  dehydrogenase. The percentage o f the to ta l c e l lu la r  
la c ta te  dehydrogenase released in to  the e x tra c e llu la r  medium was used 
as the index o f v ia b i l i t y .  There was always some la c ta te  dehydrogenase 
detectable in  the e x tra c e llu la r  medium which was due to e ith e r  the  
presence o f a small percentage o f non-viable c e lls  w ith in  the suspension, 
or to the fo e ta l c a lf  serum used in  the medium which may have contained a 
small amount o f the enzyme.
Table 2 shows the e f fe c t  o f a range o f concentrations o f paracetamol and 
a ce ta n ilid e  on the release of la c ta te  dehydrogenase a f te r  one hour’ s 
incubation. There was a s lig h t  increase in  the amount o f la c ta te  
dehydrogenase detectable in  the e x tra c e llu la r  medium a t concentrations 
greater than lOmM but the resu lts  were not very marked in d ic a tin g  th a t  
paracetamol and ac e ta n ilid e  were not very to x ic  to the plasma membranes, 
o f iso la ted  ra t  hepatocytes w ith in  the conditions o f the experiment.
Figure 4 demonstrates, however, th a t sa fro le  had a much more marked 
e ffe c t  on c e ll v ia b i l i t y .  At a concentration o f 0.5mM there was l i t t l e  
e f fe c t ,  w ith l.OmM causing a s lig h t  increase in  the e x tra c e llu la r  
la c ta te  dehydrogenase. At higher concentrations o f 5 and lOmM s a fro le  
caused a large release o f la c ta te  dehydrogenase demonstrating th a t  
sa fro le  is  r e la t iv e ly  to x ic  to the ra t  hepatocytes a t higher concentrations  
w ith in  a very short time o f incubation.
Table 2 ; E ffe c t o f paracetamol and ace ta n ilid e  on v ia b i l i t y  o f 
iso la ted  ra t  hepatocytes using la c ta te  dehydrogenase 
release as the c r ite r io n  o f assessment
Concentration
(mM)
LDH
{% o f to ta l
released  
c e llu la r  LDH)
Paracetamol A cetan ilide
0 23.5 22
2.5 25.0 21
5 .0 23.5 22
7.5 - 19
1 0 .0 25.0 29
15.0 - 23
2 0 .0 28.5 28
40.0 ' 32.0 -
c
Hepatocytes a t 10 ce lls /m l were incubated fo r  one hour w ith  
paracetamol or ace ta n ilid e  a t various concentrations. Samples 
o f c e lls  were taken a t zero time to assess to ta l c e llu la r  LDH. 
(One experiment typ ica l o f two.)
Figure 4 : E ffe c t o f sa fro le  on the v ia b i l i t y  o f iso la ted  ra t  hepatocytes
using la c ta te  dehydrogenase release as the c r ite r io n  o f 
assessment
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Hepatocytes were incubated a t 10 ce lls /m l as described in  'Methods'.
s* v ,  Control; ■------- ■ ,  0.5mM; o------ o ,  l.OmM;*
▼— w , 5mM; □-------□ , lOmM s a fro le .
Each sample is  the mean o f two estim ations. The resu lts  are from one
experiment typ ica l o f two.
4 . 2 . 3  Comparison o f  t r y p a n  b lu e  e x c lu s io n  and l a c t a t e  dehydrogenase
release
Figures 5 to 8 give the resu lts  o f a number of experiments where the 
e ffe c ts  on v ia b i l i t y  in  terms o f trypan blue exclusion and la c ta te  
dehydrogenase release were d ire c t ly  compared by measuring both parameters 
oh the same incubation sample. Figure 5 demonstrates th a t  paracetamol, 
on th is  occasion, exh ib ited  a d ire c t dose response e f fe c t  in reducing the 
v ia b i l i t y  o f iso la ted  ra t  hepatocytes. The p ro f ile  obtained fo r  the 
e ffe c t  o f d if fe re n t  concentrations o f paracetamol on v ia b i l i t y  measured 
in  terms o f la c ta te  dehydrogenase released from the c e lls  was very 
s im ila r  to  th a t fo r  trypan blue exclusion.
Figure 6 gives the resu lts  o f a comparison between the two c r i t e r ia  o f 
plasma membrane in te g r ity  fo r  hamster hepatocytes trea ted  w ith  paracetamol. 
The ImM paracetamol -dose was again more to x ic  than th a t a t  10 or 20mM in  
terms o f the trypan blue exclusion te s t  and th is  was endorsed by the 
la c ta te  dehydrogenase release measured on the same samples g iv ing  support 
to the resu lts  already discussed from Figure 3.
Phenobarbitone was demonstrated to reduce the v ia b i l i t y  o f is o la te d  ra t  
hepatocytes by both c r i te r ia  a t a 20mM concentration (Figure 7 ) .
S afro le  (Figure 8 ) was also found to be very to x ic  a t lOmM, by both 
c r i te r ia  supporting the resu lts  from Figure 4 ..  In th is  experiment the 
v ia b i l i t y  was zero according to the trypan blue exclusion method but 
only 75% according to la c ta te  dehydrogenase released in to  the 
e x tra c e llu la r  medium. This is  probably due to  some of the la c ta te  de­
hydrogenase remaining w ith in  the non-viable c e lls  which were removed 
from the medium by cen trifu g a tio n  p r io r  to  assaying the la c ta te  
dehydrogenase.
These resu lts  suggest th a t there was l i t t l e  d ifference between these two 
c r i te r ia  o f v ia b i l i t y  assessment. Both parameters provided a measure o f 
ir re v e rs ib le  plasma membrane damage. For a rapid assessment o f v ia b i l i t y  
trypan blue exclusion was the method pre ferred .
F ig u r e  5 : A com parison o f  th e  e f f e c t  o f  p arace tam ol on t r y p a n  b lu e
e x c lu s io n  and th e  r e le a s e  o f  l a c t a t e  dehydrogenase from
i s o l a t e d  r a t  h e p a to c y te s
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Hepatocytes (10 /m l) were incubated as described in 'Methods'.
v v t Control; ■-------■ , lOmM; o o , 20mM
▼ w , 40mM paracetamol.
Both assays were performed on the same incubation sample.
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F ig u re  6 ; A com parison o f  th e  e f f e c t  o f  parace tam ol on t r y p a n  b lu e
e x c l u s i o n ,  and l a c t a t e  dehydrogenase r e le a s e  from  i s o l a t e d
ham ster h e p a to c y te s
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Hepatocytes (10 /m l) were incubated as described in 'Methods'.
Both assays were performed on the same sample.
v— *7 , Control; ■—— ■ , ImM; □--------- □ , lOmM; •  •  , 20mM paracetamol
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F ig u r e  7 : A com parison o f  th e  e f f e c t  o f  p h e n o b a rb ito n e  on t r y p a n
b lu e  e x c lu s io n  and r e le a s e  o f  l a c t a t e  dehydrogenase from
i s o l a t e d  r a t  h e p a to c y te s
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Hepatocytes (10 /m l) were incubated as described in 'Methods'.
Both assays were performed on the same sample.
v *7 , Control; • — —•  , ImM; □ □ , lOmM; o o ,  20mM phenobarbitone .
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F ig u re  8 : A com parison o f  th e  e f f e c t  o f  s a f r o l e  on t r y p a n  b lu e
e x c lu s io n  and th e  r e le a s e  o f  l a c t a t e  dehydrogenase from
i s o l a t e d  r a t  h e p a to c y te s
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6Hepatocytes (10 /m l) were incubated as described in 'Methods'.
Both assays were performed on the same sample.
^ C o n t r o l ;  o o  9 O.lmM; □-------- □ ,  ImM; • ---- •,10mM s a fro le .
4 .2 .4  Cell resp ira tio n
The rate  o f c e l lu la r  resp ira tio n  was next investigated  as an index of 
v ia b i l i t y .  The amount o f oxygen consumed per minute by a suspension 
of hepatocytes was determined using a c a lib ra te d  Clark oxygen e lec tro d e . 
The e f fe c t  o f carbon te tra c h lo rid e  was f i r s t  examined as a p o s itiv e  
co n tro l. Carbon te tra c h lo rid e  is  a w ell recognised hepatotoxin and when 
incubated w ith iso la ted  ra t  hepatocytes a t a concentration o f 1 0 ,0 0 0  ppm 
(approx. lOOmM) i t  has a dramatic e f fe c t  on the v ia b i l i t y  o f ra t  
hepatocytes when assessed by trypan blue exclusion (see Figure 9 ) .
Figure 10 demonstrates th a t carbon te tra c h lo rid e  a t a concentration o f 
about 3000 ppm (30mM) reduces the ra te  o f resp ira tio n  to  about 25% 
o f the control value w ith in  15 minutes. Unfortunately there was only 
one Clark electrode ava ilab le  fo r  these experiments hence a l l  samples 
had to be run in  ro ta tio n  and no id e n tic a l duplicates were possib le.
Figure 11 demonstrates th a t paracetamol had a dose-dependent e f fe c t  on 
c e llu la r  resp ira tio n  o f iso la ted  ra t  hepatocytes. The lOmM and 40mM 
paracetamol reduced the ra te  o f resp ira tio n  to less than 50% o f .the 
i n i t i a l  control ra te  w ith in  twenty minutes o f i ts  add ition  to the c e l ls .
The e ffe c ts  o f paracetamol, phenobarbitone and sa fro le  were then compared 
(see Figure 12 ). S afro le  a t a concentration o f ImM did not appear to  
reduce the ra te  o f resp ira tio n  whereas 20mM phenobarbitone and 40mM 
paracetamol had very s im ila r  marked e ffe c ts  on the ra te  o f c e l lu la r  
re s p ira tio n . The selection  o f the concentrations used in  th is  
comparative experiment was based on the s im ila r ity  o f e ffe c ts  o f the three  
compounds on v ia b i l i t y  in  terms o f trypan blue exclusion.
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F ig u re  9 ; E f f e c t  o f  carbon t e t r a c h l o r i d e  on th e  v i a b i l i t y  o f  i s o l a t e d
r a t  h e p a to c y te s  u s in g  t r y p a n  b lu e  e x c lu s io n  as th e  c r i t e r i o n
o f  assessment
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Hepatocytes were incubated as described in  'Methods', 
v  v ,  Control; O O , 10,000ppm CCl^.
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F ig u re  1 0 : E f f e c t  o f  carbon t e t r a c h l o r i d e  on oxygen consum ption
o f  i s o l a t e d  r a t  h e p a to c y te s
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Iso la ted  hepatocytes (10 /m l) were incubated as described in  'Methods'
in the presence o f 3000ppm carbon te tra c h lo rid e  (o O ), or absence
(v  v ) .  Oxygen consumption was determined using a Clark e lec tro d e .
F ig u re  1 1 : E f f e c t  o f  parace tam ol on th e  r e s p i r a t i o n  o f  i s o l a t e d
r a t  h e p a to c y te s
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Hepatocytes 1.6 x 10 ce lls /m l were incubated as described in  'Methods'
w ith : v  v ,  Control; O— O , ImM paracetamol; □ □ , lOmM paracetamol
and ▼ ▼ , 40mM paracetamol.
Oxygen consumption was determined using a Clark e lectrode.
Figure 12: Comparison o f the e ffe c ts  o f paracetamol, sa fro le  and
phenobarbitone on resp ira tio n  o f iso la ted  ra t  hepatocytes
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Hepatocytes a t 0.84 x 10 ce lls /m l were incubated as described in
'Methods', v  v ,  Control; O O , 40mM paracetamol; □------------- ImM s a fro le
▼ 20mM phenobarbitone.
Oxygen consumption was determined using a Clark e lectrode.
4 .2 .5  7-Ethoxycoumarin Q-deethylase a c t iv ity  
The xenobiotic m etabolising c a p a b ility  o f iso la ted  hepatocytes was 
investigated  as an index o f v ia b i l i t y  using the a c t iv ity  o f 7-ethoxycoumarin 
0 -deethylase as the parameter.
The resu lts  shown in Figure 13 were from an experiment in  which iso la te d  
ra t  hepatocytes were treated  w ith d if fe re n t  concentrations o f paracetamol 
fo r  one hour. The m etabolites were then extracted and separated in to  
the free  and conjugated products o f 7-hydroxycoumarin. The to ta l a c t iv ity  
of the 0 -deethylase m etabolising enzymes is  a composite o f the fre e ,  
sulphate and glucuronide m etabolites. Paracetamol was observed to have a 
major influence on the to ta l a c t iv i t y ,  a p ra c t ic a lly  l in e a r  f a l l  o f f  in  
deethylation with concentration occurred up to 20mM which then plateaud. 
S im ila r e ffe c ts  were seen w ith glucuronidation and sulphation.
In a subsequent experiment (Figure 14) iso la ted  ra t  hepatocytes were 
incubated w ith d if fe re n t  concentrations o f paracetamol, and a t time 
in te rv a ls  70nmole o f 7-ethoxycoumarin was added to a sample and the  
incubation continued fo r  10 minutes. Only the to ta l m etabolites were 
measured however, instead o f separating in to  glucuronide and sulphate  
conjugates. Again there was a nearly lin e a r  dose-dependent reduction in  
the a c t iv ity  o f the 7-ethoxycoumarin 0-deethylase and also a reduction  
with tim e. I t  would, th e re fo re , appear th a t there is an e f fe c t ,  d ire c t  
or in d ire c t o f paracetamol, on the v ia b i l i t y  o f the m etabolising enzyme 
system.
The e f fe c t  o f sa fro le  was then examined a t d if fe re n t  concentrations  
(Figure 15 ). S afro le  also has a d ire c t dose-dependent e f fe c t  on the 
a c t iv ity  o f 7-ethoxycoumarin 0-deethylase which did not appear to be very  
dependent on the time o f exposure. Experiments were also ca rried  out 
with paracetamol and sa fro le  on the a c t iv ity  o f 7-ethoxycoumarin 0- 
deethylase a c t iv ity  in  the presence or absence o f exogenously added NADPH.
A reduction in  c e llu la r  NADPH is  associated w ith loss o f plasma membrane 
in te g r ity  and here add ition  o f excess NADPH might have enabled an increase  
in  the enzymic a c t iv ity  of 7-ethoxycoumarin 0-deethylase. However, the 
addition o f NADPH did not appear to have any e f fe c t  on the production o f 
m etabolites by the hepatocytes.
F ig u re  1 3 : E f f e c t  o f  p arace tam ol on 7 -e th o x y c o u m a r in  0 - d e e t h y la s e
a c t i v i t y  in  i s o l a t e d  r a t  h e p a to c y te s
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Hepatocytes were incubated as described in  'Methods' a t 2 x 10 ce lls /m l 
fo r  one hour with 7-ethoxycoumarin.
The m etabolites were then extracted to sep ara te :- ▼------ ▼ , fre e ;
O o , sulphate conjugated and □------ □ , glucuronide conjugated
m etabolites.
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4 . 3  THE EFFECT OF EXOGENOUS CHEMICALS ON PROTEIN SYNTHESIS IN
ISOLATED HEPATOCYTES
The amount o f protein synthesis was assessed in iso la ted  hepatocytes by 
measuring the incorporation o f [ ^ c ]  -Leucine in to  tr ic h lo ro a c e tic  acid  
insoluble proteins. The aim was to determine the e f fe c t  o f paracetamol 
and other xenobiotics on protein  synthesis a f te r  a re la t iv e ly  short 
exposure tim e.
Prelim inary experiments were carried  out to determine the ideal c e ll 
concentration and incubation time necessary to obtain a measurable 
incorporation o f ra d io a c tiv ity  in to  c e llu la r  proteins and a l in e a r  
response w ith tim e. Figure 16 demonstrates th a t [ ^ c ]  -Leucine, added a t  
a concentration o f lOOnCi to each incubation sample containing 0 .5 ,  1 orc
2 x 10 hepatocytes per ml, was incorporated in to  the c e l lu la r  p ro te in  
in a lin e a r  fashion fo r  the f i r s t  60 minutes o f incubation. Between 60 
and 90 minutes there was a s lig h t f a l l  o f f  in  the incorporation w ith tim e. 
There was also a good co rre la tio n  between c e ll number and the amount o f  
ra d io a c tiv ity  incorporated over the f i r s t  60 minutes o f incubation. An 
incubation sample containing 2 x 106 c e lls  in  one ml o f L I5 medium plus 
10% fo e ta l c a lf  serum and lOOnCi [ ^ c ]  -Leucine treated  as described in  
the methods section a f te r  one hour’ s incubation gave values o f incorporation  
in to  proteins in  excess o f 400dpm (per 250 /*! sample). As the incorporation  
was lin e a r  up to one hour, and was w ell in  excess o f background leve ls  o f 
ra d io a c tiv ity , these conditions were adopted fo r  the incubations in  the 
m ajority  o f the fo llow ing experiments.
In order to determine whether or not reduction in the incorporation  o f
ra d io a c tiv ity  was l ik e ly  to be a v a lid  in d ic a to r o f protein  synthesis
in h ib it io n , cycloheximide, a well documented in h ib ito r  o f p ro te in  synthesis ,
was added a t a range o f concentrations to iso la ted  hepatocytes and the
amount o f [ 14c ] -Leucine incorporated a f te r  one hour's incubation was
then determined. Figure 17 demonstrates th a t concentrations o f
-8cycloheximide greater than 10 M caused a marked decrease in  the incorporation  
o f lab e lle d  amino acid . In h ib it io n  was greater than 90% a t 10~5M. At very 
low concentrations ( < 1 0 ”^ M ) ,  however, there was a tendency fo r  the ra te  
o f incorporation to be increased s lig h tly  above the control value.
The e f fe c t  o f a number o f xenobiotics on protein  synthesis in  iso la ted  
hepatocytes was investigated .
Figure 18 demonstrates th a t 40mM paracetamol in h ib ite d  protein  synthesis
by greater than 90%, w ith 50% in h ib it io n  occurring when iso la ted  ra t
hepatocytes were incubated w ith about 9mM paracetamol fo r  one hour. The
resu lts  given here fo r  paracetamol give the means and standard deviations
from three separate experiments where each sample was run in  t r ip l ic a t e .
In one o f the experiments the concentrations o f paracetamol used included
dose levels  down to O.lmM. In th is  experiment there was an in d ic a tio n
th a t O.lmM caused an increase in  the ra te  o f protein  synthesis. A couple
-4o f experiments using low leve ls  o f paracetamol ranging from 5 x 10 to 
-2
5 x 10 mM were carried  out to determine whether th is  was a reproducible
e f fe c t .  In the f i r s t  o f these protein  synthesis was increased a t  a l l
-3the concentrations w ith the greatest increase occurring a t 2 .5 x 10 mM.
In the second experiment using the same range o f concentrations o f  
paracetamol there was no increase in the ra te  o f protein  synthesis but 
instead a s lig h t dose-related decrease. I t  is  o f in te re s t to note th a t  
the incorporation o f lab e lle d  amino acid in to  the hepatocytes in  the 
control incubations was nearly doubled in  the la t t e r  o f these experiments.'
Phenacetin was a more e ffe c tiv e  in h ib ito r  o f protein  synthesis in  is o la te d  
ra t  hepatocytes w ith 50% in h ib it io n  ( ID^q ) occurring a t a 2.5mM 
concentration (Figure 19 ). The IDjjq. values fo r  a c e ta n ilid e , a n i l in e - 
hydrochloride, phenobarbitone, sa fro le  and d ie thy l maleate were about 7 .5 ,  
1 1 .0 ,.3 .7 5 , 1 .4  and 2.0mM respective ly  (see Figures 2 0 -24 ).
The e f fe c t  o f paracetamol on protein synthesis was greater in  hamster 
hepatocytes (4mM) than in ra t  hepatocytes (Figure 25 ). There was also  
evidence th a t a concentration o f O.lmM increased the ra te  o f pro tein  
synthesis.
In order to determine whether paracetamol or i ts  m etabolites were 
in h ib it in g  protein  synthesis rats  were pretreated with phenobarbitone 
by in trap erito n ea l in je c tio n  of 70mg/kg d a ily  fo r  three days p r io r  to 
s a c r if ic in g  the animals and is o la tin g  the hepatocytes. The aim o f the 
phenobarbitone pretreatment was to induce the drug m etabolising enzymes 
o f the l iv e r .  A fte r the c e lls  were iso la ted  the cytochrome P450 content
o f the c e lls  was estimated rap id ly  and found to be increased in the 
phenobarbitone pretreated c e lls .  The IDjjq fo r  the phenobarbitone tre a te d  
c e lls  was found to be s l ig h t ly  lower than the untreated co n tro ls , the 
mean values from three experiments being about 7 and 9mM respective ly  
(F igure 26 ). There was a s ig n ific a n t d iffe ren ce  (p < 0 .0 1 )  between the 
percentage o f in h ib it io n  a t a lOmM concentration o f paracetamol but 
not a t any o f the other concentrations investigated .
Further experiments were carried  out w ith paracetamol to in ves tig a te  in  
more d e ta il i t s  e ffe c ts  on protein  synthesis, degradation and secretion .
To investiga te  the e f fe c t  on protein  degradation iso la ted  hepatocytes 
were incubated w ith [ ^ c ]  -Leucine p r io r  to treatm ent w ith  paracetamol.
The hepatocytes were incubated fo r  one hour as previously described then 
separated from the medium and washed twice w ith unlabel Ted medium to  
remove any residual label not incorporated in to  the hepatocytes. Samples 
were processed a t th is  stage to determine how much label had been 
incorporated in to  the hepatocytes. The hepatocytes were then incubated 
with a range o f paracetamol concentrations fo r  a fu rth e r  hour. A fte r  one 
hour the amount o f label incorporated i.nto the protein  o f control 
incubations was reduced to 67% o f the i n i t i a l  value in d ic a tin g  th a t  
degradation o f the proteins was occurring. In samples containing 40mM 
paracetamol, however, the amount o f ra d io a c tiv ity  was reduced to  only 
85% o f the i n i t i a l  leve l a f te r  p re la b e llin g . I t  would appear, th e re fo re , 
th a t paracetamol also has an a ffe c t  on protein  degradation.
Depletion o f reduced glutath ione is  known to increase the p o ten tia l 
to x ic ity  o f paracetamol (see Chapter 1 ) . Pretreatment o f ra ts  w ith  
d iethy l maleate (0.05m l/kg) by in trap erito n ea l in je c tio n  t h ir t y  minutes 
p r io r  to s a c r if ic e  o f rats  and-preparation o f iso la ted  hepatocytes had 
no e ffe c t  on the ra te  o f protein  synthesis in h ib it io n  by paracetam ol, compared 
to i ts  e ffe c t  on hepatocytes prepared from untreated ra ts . Experiments to  
be described la te r  demonstrate th a t incubation o f iso la ted  hepatocytes w ith  
L I5 plus 10% fo e ta l c a lf  serum increases the leve l o f reduced g lu tath ione  
w ith in  the c e lls .  Iso la ted  ra t  hepatocytes were, th e re fo re , incubated 
w ith control medium fo r  one hour p rio r to adding paracetamol. Again 
paracetamol produced no marked d ifferences in  e f fe c t  on protein  synthesis 
in h ib it io n .
In order to in ves tig a te  whether the e f fe c t  o f paracetamol on protein  
synthesis in iso la ted  ra t  hepatocytes was reve rs ib le  they were pre­
incubated w ith 40mM paracetamol fo r  one hodr to maximally in h ib it  pro tein  
synthesis, in the absence o f lab e lle d  amino acid . The c e lls  were 
washed-to remove the paracetamol, control c e lls  were washed in  a s im ila r  
manner. The treated  and control c e lls  were then incubated w ith medium 
containing la b e lle d  amino acid and the ra te  o f incorporation o f label 
in to  the hepatocytes was monitored a t 5 minute in te rv a ls  fo r  30 minutes.
The ra te  o f protein  synthesis in the paracetamol treated  hepatocytes was 
less than th a t o f the control c e lls  (see Figure 27 ). At 30 minutes the 
ra te  o f incorporation in  the paracetamol pretreated hepatocytes was about 
25% of the con tro ls , a less marked in h ib it io n  than was seen in  the presence 
of paracetamol, in d ica tin g  th a t the e f fe c t  o f 40mM paracetamol is  probably 
revers ib le  i f  the c e lls  are only pretreated fo r  one hour.
An experiment was carried  out to determine the ra te  of uptake o fr 14 1
L CJ -Leucine in to  iso la ted  ra t  hepatocytes. Hepatocytes were incubated  
w ith lab e lle d  medium, samples were removed from the incubator a t  5 minute 
in te rv a ls  up to 30 minutes and a t 45 and 60 minutes. The c e lls  were 
immediately spun to a p e l le t  and washed to remove any excess label not 
incorporated in to  the c e lls .  The protein  was then p re c ip ita te d  w ith 10% 
tr ic h lo ro a c e tic  ac id . To determine the amount o f la b e lle d  amino acid  
incorporated in to  the c e lls  samples o f the tr ic h lo ro a c e tic  acid supernatant 
were counted fo r  ra d io a c tiv ity  content. The amount o f ra d io a c tiv ity  
present in  protein  was estimated as previously described. The leve l o f 
amino acid present in  the soluble fra c tio n  o f the c e lls  was very high 
(>3000dpm L ^ c ] -Leucine) w ith in  5 minutes. This level o f la b e lle d  
amino acid remained stab le th e re a fte r  fo r  the 60 minute incubation period. 
Incorporation o f lab e lle d  amino acid in to  the protein  o f the hepatocytes 
was lin e a r  and time dependent as described previously. This experiment 
was then repeated in  the presence o f paracetamol (40mM) to determine 
whether i t  had any e f fe c t  on the uptake o f amino acids in to  the hepatocytes. 
The resu lts  fo r  the control untreated c e lls  were very s im ila r  to those in  
the previous experiment. S im ila r ly  there was no d ifference in  the ra te  o f  
uptake o f lab e lle d  amino acid in to  the soluble amino acid pool o f the 
hepatocytes between the paracetamol treated  and control hepatocytes. 
Paracetamol, however, a t the concentration o f 40mM used here in h ib ite d
protein  synthesis as shown previously but th is  in h ib it io n  was apparent 
from as e a rly  as 5 minutes.
The e f fe c t  o f paracetamol on protein  secretion was investigated  by
c
preincubating iso la ted  rats  hepatocytes pooled from two rats  (138 x 10
14 1c e lls )  in 20ml o f medium w ith 2^Ci |_ QJ -Leucine fo r  30 minutes. The 
c e lls  were then c a re fu lly  washed, d ilu te d  and separated in to  two control 
and two paracetamol (40mM) treated  samples as described in the methods. 
A fte r  one hour's incubation the c e lls  were spun to a p e l le t  and the medium 
removed c a re fu lly . The proteins in the medium were p re c ip ita te d  w ith  
tr ic h lo ro a c e tic  acid then processed in the normal way. The mean values 
were calcu lated  fo r  the amount o f ra d io a c tiv ity  present in  the control 
and treated  samples. The paracetamol treated  samples contained only 39% 
o f the ra d io a c tiv ity  contained in  the control in d ica tin g  th e re fo re , 
th a t paracetamol in h ib its  protein  secretion .
To investigate  fu rth e r  the e a rly  e f fe c t  on protein  synthesis in h ib it io n  
iso la ted  ra t  hepatocytes were incubated w ith leve ls  o f paracetamol, 
sa fro le  and phenobarbitone which would in h ib it  protein  synthesis by 
about 50% (lOmM, ImM and 5mM re s p e c tiv e ly ). The incorporation o f 
[ ” c ] -Leucine was monitored from 5 to 60 minutes a t in te rv a ls  and i t  
was apparent th a t a l l  three compounds in h ib ite d  protein  synthesis 
w ith in  10 minutes (see Figure 28 ).
Three experiments were conducted to determine whether the e ffe c ts  o f  
paracetamol on iso la ted  hepatocytes could be reproduced in v iv o . For 
each experiment there were three rats  designated controls.and in je c te d  
in tra p e r ito n e a lly  with 2/*Ci/70g body weight o f [ 14c] -Leucine, and three  
rats in jec ted  in tra p e r ito n e a lly  w ith lOOOmg/kg paracetamol and 2^Ci/70g  
body weight [ ^ c ]  -Leucine. The animals were s a c rific e d  one hour a f te r  
the in je c tio n s , the liv e rs  were removed and homogenised as described in  
Chapter 3. Samples o f the homogenate were used to determine the amount of 
lab e lled  p ro te in . The amount o f label incorporated in to  the liv e rs  o f the 
paracetamol treated  rats  was 80%, 83.5% and 93% o f the control resp ec tive ly  
fo r  the three experiments. The standard deviations fo r  each experiment 
were large and these values would not be s ta t is t ic a l ly  s ig n if ic a n t . There 
was, however, an obvious trend towards an in h ib it io n  o f pro tein  synthesis
by paracetamol. The dose o f paracetamol was equ ivalen t to about 50 
times the human therapeutic  dose and caused central nervous system 
depression in the treated  rats  which was observed to be p a r t ia l ly  reve rs ib le  
in  some o f the animals w ith in  the la te r  period o f time a f te r  in je c tio n .
-L
eu
ci
ne
 
in
co
rp
or
at
io
n 
(D
PM
)
• F ig u r e  1 6 : E f f e c t  o f  c e l l  c o n c e n t r a t io n  on th e  in c o r p o r a t i o n  o f
P ^ C J  -L e u c in e  i n t o  p r o t e i n  o f  i s o l a t e d  r a t  h e p a to c y te s
800
600
200
0
906030
Time (minutes)
Hepatocytes were incubated as described in 'Methods1 a t the fo llow ing
concentrations: 0.5 x 106 /m l, v  V ; o •  , 106 /m l; n D , 2 x 106 /m l.
(Each point in  the mean o f three estim ations.)
Figure 17: E ffe c t o f cycloheximide on the incorporation o f
[  c ]  -Leucine in to  proteins o f iso la ted  r a t  hepatocytes
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Hepatocytes were incubated as described in  ‘Methods' fo r  one hour. 
M 4 IL CJ -Leucine incorporation was estimated from duplicate samples 
fo r  each concentration.
F ig u re  18: E f f e c t  o f  v a r io u s  doses o f  para c e ta m o l on l  c ]  -L e u c in e
i n c o r p o r a t i o n  i n t o  p r o te in s  o f  i s o l a t e d  r a t  h e p a to c y te s
a f t e r  one hour o f  in c u b a t io n
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Experimental conditions were as described in 'Methods'. 
f l 4  1L CJ -L e u c in e  in c o r p o r a t io n  was e s t im a te d  in  t r i p l i c a t e  f o r  each
c o n c e n t r a t io n  i n v e s t i g a t e d .  V a lues  a re  means ±  S .D .  f o r  t h r e e
e x p e r im e n ts .
F ig u re  1 9 : E f f e c t  o f  p h e n a c e t in  on [ 14C j  -L e u c in e  i n c o r p o r a t i o n
i n t o  p r o t e in s  o f  i s o l a t e d  r a t  h e p a to c y te s  a f t e r  one hour
o f  in c u b a t io n
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E x p e r im e n ta l  c o n d i t io n s  were as d e s c r ib e d  in  'M e th o d s ' .
[ ” C]  -L e u c in e  in c o r p o r a t io n  was e s t im a te d  in  d u p l i c a t e  f o r  each
c o n c e n t r a t io n .  V a lu es  a r e m e a n s t  S .D .  f o r  two e x p e r im e n ts .
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F ig u re  2 0 : E f f e c t  o f  a c e t a n i l i d e  on th e  i n c o r p o r a t io n  o f
-L e u c in e  i n t o  p r o t e i n s ' o f  i s o l a t e d  r a t  h e p a to c y te s
a f t e r  one hour o f  in c u b a t io n
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E x p e r im e n ta l  c o n d i t io n s  were as d e s c r ib e d  in  ‘ M e th o d s ' .
[ 14c ]  -L e u c in e  i n c o r p o r a t io n  was e s t im a te d  in  d u p l i c a t e  f o r
each c o n c e n t r a t io n .  V a lues  a re  means t S .D .  f o r  two e x p e r im e n ts .
F ig u re  2 1 : E f f e c t  o f  a n i l i n e  h y d r o c h lo r id e  on th e  in c o r p o r a t i o n
o f  [ ^ c ] - - L e u c i n e  i n t o  p r o t e in s  o f  i s o l a t e d  r a t  h e p a to c y te s
a f t e r  one hour o f  in c u b a t io n
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Experimental conditions were as described in  'Methods', 
f  14 1
L CJ -Leucine incorporation was estimated in  dup licate fo r  each 
concentration. Values are means t  S.D. fo r  two experiments.
F ig u re  2 2 : E f f e c t  o f  p h e n o b a rb ito n e  on th e  i n c o r p o r a t io n  o f
[ ” c ]  -L e u c in e  i n t o  p r o t e i n  o f  i s o l a t e d  r a t  hepatocyes
a f t e r  one hour o f  in c u b a t io n
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Experimental conditions were as described in 'Methods'.r  r  n
[ 14cJ -L e u c in e  i n c o r p o r a t io n  was e s t im a te d  in  t r i p l i c a t e  f o r  each
c o n c e n t r a t io n  i n v e s t i g a t e d .  V a lues  a re  means t S .D .  f o r  two
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Experimental conditions were as described in  'Methods'.
[ > ]  -Leucine incorporation was estimated in  t r ip l ic a te  fo r  each 
concentration investigated . Values are means t S.D. fo r  two 
experiments.
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E x p e r im e n ta l  c o n d i t io n s  were as d e s c r ib e d  in  'M e th o d s ' .
[ 14C ] -L e u c in e  i n c o r p o r a t io n  was e s t im a te d  i n  d u p l i c a t e  f o r  each
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F ig u re  2 6 : E f f e c t  o f  p arace tam ol on [  ^ c ]  -L e u c in e  i n c o r p o r a t i o n
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Figure 28: Time course o f the e ffe c ts  o f paracetamol, phenobarbitone
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Experimental conditions were as described in 'Methods1. The 
concentration o f chemicals chosen was th a t which gave approximately
a 50% in h ib it io n  a f te r  one hour.
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4 . 4  DETERMINATION OF THE SPEC IF IC ITY  OF THE ACTION OF PARACETAMOL
ON PROTEIN SYNTHESIS
In order to determine whether paracetamol had an e f fe c t  on s p e c ific  
proteins ra ther than a general in h ib ito ry  e f fe c t  on protein  synthesis 
attempts were made to is o la te  a microsomal fra c tio n  from iso la te d  ra t  
hepatocytes w ith an aim to carrying out SDS polyacrylamide gel e le c tro -  
pheresis.
4 .4 .1  The preparation o f microsomes from iso la ted  ra t hepatocytes 
A number o f d if fe re n t  techniques were investigated  including homogenisation 
with a Potter-E lvehjem , a Dounce homogeniser, a P o lytron, and two types 
o f sonicator -  a sonic probe and a sonic bath. I t  was found w ith  both 
the Potter-Elvehjem  and the Dounce homogeniser th a t even w ith a large  
number o f strokes w ith the pestle  the hepatocytes s t i l l  remained la rg e ly  
in ta c t  when examined m icroscopically . The Polytron was found to be more 
successful in  d isrupting the hepatocytes therefo re  a number o f experiments 
were conducted to determine the ideal time fo r  homogenisation.
A fte r the exposure o f each hepatocyte suspension to the Polytron the 
a c t iv ity  o f NADH cytochrome C reductase was measured in  the homogenates. 
Table 3 gives the ind iv idu al values fo r  the a c t iv it ie s  obtained from two 
experiments. In the f i r s t  experiment a c t iv it ie s  were measured a f te r  10,
30 and 60 second exposures in  the presence and absence o f rotenone w ith
c
the resu lts  expressed in nmole/min/10 c e lls .  In the second experiment 
a c t iv it ie s  were also measured a f te r  a 5 second exposure, a c t iv it ie s  were 
expressed in nmole/min/mg p ro te in . The to ta l enzyme a c t iv ity  a v a ila b le  
w ith in  the c e lls  was obtained by tre a tin g  the c e lls  w ith T rito n  X I00 
which to ta l ly  disrupts the c e lls  and the in tr a c e llu la r  o rganelles . In 
the f i r s t  experiment a 10 second exposure released the maximal a c t iv ity  
from the c e lls -w ith  g reater exposure times causing a decrease in  a c t iv i t y .  
In  the second experiment maximal a c t iv ity  was released w ith in  5 seconds 
with a marked reduction in  a c t iv ity  by 10 seconds. The decrease in  
a c t iv ity  was probably due to the severe shearing forces and heat 
produced by the Polytron causing denaturation of the enzyme. I t  was 
apparent from the resu lts  th a t a very short period o f homogenisation 
time was required to d isrupt the c e lls  although the e f fe c tiv e  time was 
v a ria b le , as were the resu lts  w ith in  each time point fo r  each separate
0
experiment. A la rg e r sample o f hepatocytes containing 74 x 10 c e lls  
in  5ml was homogenised fo r  10 seconds with the Polytron. The homogenate 
was then centrifuged a t 10,000g fo r  20 minutes followed by 105,000g 
fo r  1 hour to is o la te  the 105,000g p e l le t .  At the end o f the second 
cen trifu g a tio n  the p e lle t  was barely v is ib le  to the naked eye. The 
use o f the Polytron was, th e re fo re , abandoned as unsatis factory .
Homogenisation w ith a sonic probe proved to be more e f fe c tiv e  in  terms 
o f d isrupting the c e lls .  The probe th a t was a v a ila b le , however, had 
inherent problems due to i ts  large s ize  and the necessity fo r  a container 
fo r  the suspension o f hepatocytes to have a diameter only s lig h t ly  
greater than the probe i t s e l f .  These re s tr ic tio n s  meant th a t only very 
small volumes could be sonicated a t one tim e, and there was also a 
percentage.of m aterial lo s t during son ication.
The most e ffe c tiv e  method was found to be the sonic bath. Samples o f  
iso la ted  hepatocytes containing 10 ce lls /m l in 10ml o f b u ffe r were placed 
in a 10ml conical f la s k . A range of sonication times were t r ie d  and 60 
seconds.was found to be enough to d isrupt the m ajo rity  o f the c e lls  when 
observed m icroscopically . A 10ml suspension o f ra t  hepatocytes was then 
homogenised fo r  60 seconds followed by cen trifu g atio n  a t 1 0 , 0 00g and 
105,000g to produce a small p e l le t  which was resuspended in tris/ETDA  
b u ffe r to give a concentration o f lOmg microsomal protein  per ml. The 
a c t iv ity  o f 7-ethoxycoumarin 0-deethylase was measured in  th is  microsomal 
p e lle t  and found to be 10.25nmoles/10 min/0.05mg p ro te in . This a c t iv ity  
was s im ila r  to th a t found in  a control microsomal preparation (12.05nmoles/ 
10 min/0.05mg pro te in ) assayed a t the same tim e. The control microsomes 
had been prepared from whole ra t  l iv e r  by someone experienced in  the 
standard method.
Samples o f the microsomal fra c tio n , derived from the c e lls  tre a te d  in  
the sonic bath, were applied to an SDS polyacrylamide gel fo r  e le c tro ­
phoresis to separate the proteins in to  bands according to th e ir  respective  
molecular weights. Even though a small amount of protein  (5 g per 
app lica tio n ) was applied to the gel the resu ltin g  separation was complex 
and d i f f i c u l t  to in te rp re t. The fra c tio n  was not a pure microsomal 
p e l le t ,  and probably contained fragmented membranes derived from other 
organelles due to the n o n -s e le c tiv ity  o f the son ication. Hence fu rth e r
separation o f the p e lle t  would have been necessary to gain any more 
in form ation. Th is , however, would have proved d i f f i c u l t  as the o rig in a l 
p e lle t  obtained was so sm all.
An a lte rn a tiv e  technique was considered instead o f the SDS polyacrylamide 
gel electrophoresis,w hich although less s p e c ific  would d is tingu ish  between 
in tr a c e llu la r  proteins produced fo r  export and those produced fo r  other 
purposes to be u t il is e d  in t r a c e llu la r ly .  This technique could p o te n tia lly  
provide an answer to the question as to whether the e f fe c t  o f paracetamol 
was s p e c ific  fo r  e ith e r  o f the two major classes o f protein  or purely a 
non-specific  action .
This a lte rn a tiv e  technique involved conjugating a n t i - r a t  serum to 
cyanogen bromide activated  Sepharose. The Sepharose conjugate was 
incubated w ith samples derived from iso la ted  hepatocytes which had been 
lab e lle d  w ith [ ^ c ]  -Leucine, w ith or w ithout p r io r  treatm ent w ith  
paracetamol. These samples were also incubated w ith ac tiva ted  sepharose 
conjugated w ith a n t i-ra b b it  serum which acted as a control by quantify ing  
the amount o f non-specific  binding.
Table 4 gives the resu lts  obtained from th is  experiment. Lysis o f the 
washed c e ll samples w ith lubrol a f te r  incubation w ith [ ^ c ]  -Leucine 
released a l l  the c e l lu la r  p ro te in . S c in t i l la t io n  counting o f the 
Sepharose beads a f te r  overnight incubation w ith the c e ll samples 
demonstrated th a t paracetamol in h ib ite d  the amount o f la b e lle d  p ro te in , 
and hence protein  synthesis, which was av a ila b le  to bind to the a n t i - r a t
c
serum conjugate from 412.4 to 39.15dpm/10 c e lls .  This represents the 
export proteins present w ith in  the c e lls .  The lab e lled  proteins in the 
incubation not bound to the a n t i - r a t  serum conjugate represent the non­
export proteins which were also in h ib ite d  from 387.5 in the control samplec
to 21.25dpm/10 c e lls  in  the paracetamol treated  samples. Hence i t  would 
appear th a t paracetamol in h ib its  the synthesis o f both groups o f proteins  
to a s im ila r  exten t.
A fte r the two hour incubation o f iso la ted  hepatocytes w ith or w ithout 
paracetamol, the incubation medium was also re ta in ed . The p ro te in  present 
in the medium, which represents the protein  exported during the two hour 
incubation was p rec ip ita ted  from the medium and so lu b ilised  in  NaOH.
These samples were also incubated w ith the activated  Sepharose 
conjugates. There was a greater amount o f non-specific  binding to the 
anti (ra b b it  serum) conjugate fo r  these samples. There was also some 
lab e lle d  protein  which did not bind to the anti (rat-serum ) conjugate 
which was probably derived from c e lls  damaged or dying during the two 
hour incubation period.- Allowing fo r  these factors i t  would s t i l l  appear . 
th a t iso la ted  ra t  hepatocytes produced export proteins which they secreted, 
e ith e r  a c tiv e ly  or passively , and th a t the production o f these export 
proteins was in h ib ite d  by paracetamol.
Table 3 : E ffe c t o f homogenisation time w ith a Polytron on the
a c t iv ity  o f NADH cytochrome C reductase
Homogenisation 
time (sec .)
NADH cytochrome C reductase
Expt. 1
c
nmole/min/ 1 0  c e lls
Expt. 2 
nmole/min/mg protein
Total Rotenone In sen s itive Total
5 - - • 51.1
5 - - 73.1
10 6 8 . 0 49.0 57.2
10 63.0 52.0 36.2
30 71.0 47.0 52.9
30 44.4 36.9 48.1
60 15.9 15.5 -
60 28.7 20.9 28.5
TX 100 58.0 49.0 76.5
Treated c e lls 60.0 50.0 77.5
c
Hepatocytes (2 x 10 /m l) in sucrose/tris/EDTA b u ffe r pH 7 .4  were 
exposed to d if fe re n t  times o f homogenisation using a Polytron.
NADH cyt.C  reductase a c t iv ity  was measured in the resu ltin g  suspensions. 
The resu lts  from two experiments are given here. Treatment o f the 
ce lls  w ith TX 100 gave the to ta l enzyme a c t iv ity  ava ilab le  w ith in  the 
hepatocytes.
Ta
bl
e 
4
; 
Th
e 
ef
fe
ct
 
of 
pa
ra
ce
ta
m
ol
 
(4
0m
M)
 
on 
the
 
sy
nt
he
si
s 
of 
in
tr
ac
el
lu
la
r 
an
d 
ex
tr
ac
el
lu
la
r 
pr
ot
ei
ns
 
in 
is
ol
at
ed
 
ra
t 
he
pa
to
cy
te
s
QzCDO CUCO pCOt— CDo 3z •oE CO i—E O 1— r-»•r- O r—CU ^^ CU i—  00 •p E o - 00o 3 to +  i +i LOE E o +1 00CL CU r— LO CO 1—CO CM C3■o Z • •o-CU p Q_ 00 1— CMc0 Q CO C\J1— EQJJO •r—CO Pr— E1 c0
1 o ‘'O-
(Z-I
CUpCOCD3'<->EO CDCJ cd r-~ r^..*-«* CO to 00E r— CO CO3 r— CM COE CU LO CM r-~ r-»CU oCO to +  i +i +i +iop lo r>- lo r<• r— r™* Ci to CDJO z • • • •JO a. «0* CD toCO Q 00 cf 1—E co*■— * i—  r—•i—PEc0
„— .
JO
ozCD <uo pCQ CO*.—^ CD3E •r-5•r- ECU O •0*P CJ CO r—  i—o ,—** 1— . . CDE E r— CD CD CM COCL 3 CU r—  i— r— COE CJ■o cu to +1 +1 +1 +1CU CO or— r— to 00 tOi— p • 1— CO COCU CO z CM 00 CMJO E cl i—  CD i—  i—CO v—» o <0- COr - •r“1 PEJ ) c0o «.r— CO
'
DC CC<C c_l r— p n—33 o 3D OP E P EP c/> «3 P CO COP z: i—• P  X> p z. 1—■ p  *aCJ HH o CU CU CJ o cu cu<C P E O P c p E CJ Pcc 1— P CO CO DC 1— p to toI— o E E CU 1— o E E cu
■z. DC O tO E X cc o to Et—• a. O a. p p CL CJ a. P
+->
eoCL CU X 4->CU
CUEtO
tOCD3
SCooto cup  *-■> (0 E  CD 3  3  E  
•r~ 3  <U E  lO OO +->
tOE J2JDCU to
p
e(O
<u
p
eCO
(UjrP
OP
XJ r—  
E  i—  3  .CUo  cj-Q CU
CO . E  
E  P
CU >, P  -O OE  "O Q. CU 
CJCU 3  .c: -o h- o  
eQ.
E
CO "i—-a cuO  P  _e  oP  E  CU CL S CD
ECU -i- 
J =  E  P  -r- cO
E  E  CU E*ocuJD
•r—ECJtocu■a
cujrp
cup3P
CO P  CO CO
OOCU E  CU 5 -O ECO 3  E  O  O  -Q 
• r *P  P
• r -  O  ■a E  Eo  CU CJ COo
I—  - E  CO P  PE  •*CU CO E  E
•r”  *p“E  CU CU Pa. oX  E  LlJ CL sa
m
pl
es
 
we
re
 
us
ed
 
as 
a 
co
nt
ro
l 
to 
de
te
rm
in
e 
th
e 
le
ve
l 
of 
no
n-
sp
ec
ifi
c 
bi
nd
in
g.
 
Th
e 
re
su
lts
 
ar
e 
th
e 
me
an
 
± 
SD 
fo
r 
du
pl
ic
at
e 
de
te
rm
in
at
io
ns
.
4 . 5  THE EFFECT OF PARACETAMOL AND OTHER XENOBIOTICS ON RNA SYNTHESIS
n n
RNA synthesis was measured by monitoring the uptake o f [_ CJ -U rid in e  
in to  the TCA insoluble fra c tio n  o f iso la ted  hepatocytes. Figure 29 
demonstrates th a t the ra te  o f uptake o f ^ c ]  -U rid ine  increased with  
time up to 30 minutes and then became lin e a r . In th is  experiment 
d iffe re n t  c e ll concentrations were investigated  to determine which would 
be the ideal concentration fo r  fu rth e r  experiments. The concentrationsc
used were 0 .5 , 1 , 1.5 and 2 x 10 c e lls /m l. There was a d ire c t re la tio n s h ip  
between the amount o f label incorporated in to  the c e lls  and the c e ll
c
concentration. The leve ls  achieved fo r  the 1.5 x 10 c e lls  did not qu ite  
f i t  the general pattern  and th is  could be explained by a s lig h t  inaccuracy 
in  the o rig in a l c e ll d ilu t io n . The ra t io  o f uptake in the 0 .5  and 2 .0  xc
10 ce lls /m l samples was approximately four fo ld  a t 90 minutes. Since the 
uptake was s t i l l  lin e a r  w ith the highest c e ll concentration th is  was 
u t il is e d  fo r  fu rth e r  experiments as there would be less inaccuracy in  the 
techniques due to the higher a c t iv ity  o f the samples.
The e ffe c ts  o f a range o f concentrations o f paracetamol, phenobarbitoner i « n
and sa fro le  on the incorporation o f L '^ c j "Uridine in to  iso la te d  hepatocytes 
are shown in  Figures 30-32. The concentrations which resu lted  in  a 50% 
in h ib it io n  o f RNA synthesis a f te r  one hour's incubation were about 5mM,
6mM and 1 . 2mM fo r  paracetamol, phenobarbitone and sa fro le  resp e c tive ly .
I t  is  o f in te re s t to note in  Figure 32 the lower concentrations o f s a fro le  
caused an increase in  RNA synthesis ra th er than an in h ib it io n .
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F ig u re  2 9 : The e f f e c t  o f  c e l l  c o n c e n t r a t io n s  on th e  i n c o r p o r a t i o n
o f  [ ^ c ] - U r i d i n e  i n t o  RNA o f  i s o l a t e d  r a t  h e p a to c y te s
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Experimental conditions were as described in 'Methods'.
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 • -------• ,  1.5 x 106cel 1 s /m l; D-----n , 2 x 106 c e lls /m l.
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F ig u re  3 0 : E f f e c t  o f  p a race tam ol on th e  in c o r p o r a t io n  o f
[ ” c ]  - U r i d i n e  i n t o  th e  r i b o n u c l e i c  a c id s  o f  i s o l a t e d
r a t  h e p a to c y te s
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[Paracetamol] (mM)
E x p e r im e n ta l  c o n d i t io n s  were as d e s c r ib e d  in  'M e th o d s ' .
[ 14C]  - U r i d i n e  in c o r p o r a t io n  was e s t im a te d  in  t r i p l i c a t e  f o r  each
c o n c e n t r a t io n .  V a lues  a re  means i  S .D .  f o r  two e x p e r im e n ts .
F ig u re  3 1 : E f f e c t  o f  p h e n o b a rb ito n e  on th e  i n c o r p o r a t io n  o f
[ " c ]  - U r i d i n e  i n t o  th e  r i b o n u c l e i c  a c id s  o f
i s o l a t e d  r a t  h e p a to c y te s
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E x p e r im e n ta l  c o n d i t io n s  were as d e s c r ib e d  in  'M e th o d s ' .
[ 14c ]  - U r i d i n e  i n c o r p o r a t io n  was e s t im a te d  in  t r i p l i c a t e  f o r
each c o n c e n t r a t io n .
F ig u re  3 2 :  E f f e c t  o f  s a f r o l e  on th e  in c o r p o r a t i o n  o f  [ ^ c ]  - U r i d i n e
i n t o  th e  r i b o n u c l e i c  a c id s  o f  i s o l a t e d  r a t  h e p a to c y te s
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E x p e r im e n ta l  c o n d i t io n s  w ere as d e s c r ib e d  in  'M e th o d s ' .
[ 14c ]  - U r i d i n e  in c o r p o r a t io n  was e s t im a te d  in  t r i p l i c a t e
a t  each c o n c e n t r a t io n .
4 . 6  COVALENT BINDING
bated w ith 20 and 40mM paracetamol spiked
samples. Samples o f hepatocytes in dup licate were incubated fo r  5 , 10,
20, 30, 40 and 60 minutes. On removal from the incubator the c e lls  were 
spun to a p e l le t  and perch loric  acid was added to p re c ip ita te  the p ro te in . 
Repeated washing was carried  out w ith the perch loric  acid to ensure 
removal o f a l l  the unbound la b e l. The f in a l p re c ip ita te  was then 
so lu b ilised  in  NaOH and the samples counted in a s c in t i l la t io n  counter.
The resu lts  (Figure 33) in d ica te  th a t the m ajo rity  o f the binding occurred 
w ith in  the f i r s t  f iv e  minutes o f incubation. There also appears to be 
a t the dose leve ls  o f paracetamol used a d ire c t c o rre la tio n  between the 
concentration o f paracetamol and the amount o f covalent binding.
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Figure 33: E ffe c t o f paracetamol concentration on the covalent
binding o f [ ^ c ]  -paracetamol to c e l lu la r  perch lo ric  
acid -in so lu b le  m ateria l o f iso la te d  ra t  hepatocytes
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Experimental conditions were as described in  ’Methods". Covalent 
binding was estimated in  duplicate fo r  each time po in t.
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4.7  EFFECTS ON REDUCED GLUTATHIONE
Depletion o f the leve l o f g lutath ione w ith in  the l iv e r  is  known to  be 
closely linked w ith the to x ic ity  o f many xenobiotics, depletion often  
resu ltin g  in  increased to x ic ity .  The e ffe c ts  o f various chemicals on 
the leve ls  o f g lutath ione were, th e re fo re , investigated  in  iso la te d  
hepatocytes. The assay used was based on the method o f S a v ille  (1958) 
and is  described f u l ly  in  Chapter 3.
I n i t i a l  experiments were carried  out to determine the leve l o f g lutath ione  
in  iso la te d  ra t  hepatocytes, to determine whether or not the leve ls  
remained stab le during incubation, and to  compare these find ings w ith  
the leve ls  present in  the whole l iv e r  p r io r  to  i ts  use in  the is o la tio n  
procedure. Two such experiments were carried  out. In  the f i r s t  the
c
leve l o f g lutath ione in  the fre s h ly  iso la te d  hepatocytes was 9 .0  ^g/10  
c e l ls ,  which then increased over a 90 minute incubation period in  L I5 +
c
10% fo e ta l c a lf  serum to 14.5 jxg /10  c e lls .  I f  i t  is  assumed th a t one 
gram of whole wet l iv e r  is  equ ivalent to  120 x 10  ^ hepatocytes these two 
values become 1.08mg/g l iv e r  a t zero incubation time and 1.74mg/g l iv e r  
a f te r  90 minutes incubation tim e. The g lutath ione leve l in the whole 
wet l iv e r  was found to be 1.6mg/g. I t  would, th e re fo re , appear th a t the 
is o la tio n  procedure depletes the level of g lutath ione which then is  
rep leted  during subsequent incubation w ith  a f u l l  n u tr ie n t media.
In  a second experiment fo llow ing a s im ila r  procedure to above the leve ls  
in  the iso la ted  hepatocytes and whole l iv e r  o f g lutath ione were both 
s lig h t ly  lower (0.79mg/g and 1 .19mg/g in  hepatocytes and whole l iv e r  
respective ly ) than previously. The .pattern o f depletion and rep le tio n  
o f the g lutath ione leve ls  was, however, the same.
Figure 34 shows the e ffe c t  o f paracetamol on the g lutath ione leve l o f 
iso la ted  hepatocytes. There was a dose re la te d  response where a l l  the 
concentrations e f fe c t iv e ly  depleted the g lutath ione leve ls  although only  
the 40mM concentration reduced the leve l below th a t o f the i n i t i a l  value , 
a t zero tim e. The 40mM paracetamol also only had a marked e f fe c t  between 
30 and 45 minutes o f incubation. The e ffe c ts  o f -4 and 20mM phenobarbitone 
are presented in  Figure 35. Both concentrations reduced the ra te  a t which 
the levels  o f g lutath ione were increased in the control hepatocytes but
there was no evidence o f a dose-related re la tio n sh ip  in  the e ffe c ts  o f 
phenobarbitone. N either concentration was as e ffe c tiv e  as the 40mM 
paracetamol a t reducing the levels  o f g lu ta th ione .
Figure 36 demonstrates the e ffe c ts  o f 1 and lOmM s a fro le . There was a 
consistent increase in  g lutath ione leve ls  in  the control w ith the level 
nearly doubling during the 60 minute incubation tim e. The ImM s a fro le  
treated  c e lls  were maintained a t the i n i t i a l  leve l o f g lu tath ione whereas 
TOmM sa fro le  caused a nearly lin e a r  reduction to about 50% o f the i n i t i a l  
value a t zero time and 25% o f the g lutath ione leve l in  the control a t 60 
minutes.
D iethyl maleate is  known to deplete g lu tath ione and is  used as an 
experimental tool in  vivo fo r  th a t purpose. Figure 37 shows the e ffe c ts  
o f d ie thy l maleate on the g lutath ione leve ls  o f iso la te d  ra t  hepatocytes. 
Depletion o f the g lutath ione leve l occurred a t a l l  three dose leve ls  
w ith in  the f i r s t  f i f te e n  minutes o f incubation. E a r lie r  time points  
which were not monitored might have ind icated  an even g reater dep le tio n . 
A fte r  15 minutes, however, the levels  increased again qu ite  ra p id ly  
although they only increased above the in i t i a l  level a t zero time in the 
1 0 /aM treated  samples.
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F ig u re  3 4 : E f f e c t  o f  p a race tam ol c o n c e n t r a t io n  on reduced
g l u t a t h i o n e  l e v e l s  in  i s o l a t e d  r a t  h e p a to c y te s
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Experimental conditions were as described in  'Methods'. The assay
was carried  out w ith duplicate determ inations, v  w , Control;
O o , lOmM; ± 2 0 m M ;  •  •  , 40mM paracetamol.
F ig u re  3 5 : E f f e c t  o f  p h e n o b a rb ito n e  c o n c e n t r a t io n  on reduced g l u t a t h i
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Experimental conditions were as described in  'Methods'. The resu lts  
expressed here are from two experiments where each estim ation was
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F ig u re  3 6 : E f f e c t  o f  s a f r o l e  on reduced g l u t a t h i o n e  l e v e l s  in
i s o l a t e d  r a t  h e p a to c y te s
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Experimental conditions were as described in  'Methods'. The resu lts  
expressed here are from two experiments where each estim ation was 
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F ig u re  3 7 : E f f e c t  o f  d i e t h y l  m a le a te  c o n c e n t r a t io n  on th e  l e v e l s  o f
reduced g l u t a t h io n e  i n  i s o l a t e d  r a t  h e p a to c y te s
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Experimental conditions were as described in  'Methods'. Each value
is  the mean o f dup licate determ inations, v  v 9 10 ^M; O o ,  20 ^M
• ------------3.0 pM; □ □ , 4 0 jo.M d iethyl maleate.
4 .8  EFFECTS ON ADENOSINE TRIPHOSPHATE (ATP)
There were a number o f problems experienced w ith the assay o f ATP leve ls  
in  iso la ted  ra t  hepatocytes. The f lu o rim e tr ic  method th a t was f i r s t  
attempted provided no useful resu lts  as i t  was too in s e n s itiv e .
Adaptation o f the method to a UV spectrophotometric method which could 
be assayed on a very sen s itive  double beam spectrophotometer, however, 
enabled some prelim inary experiments to be carried  out. Due to the 
shortage o f m ateria ls  fo r the assay the experiments were lim ite d  to 
in vestig a tin g  the e ffe c ts  o f one concentration fo r  each o f paracetamol, 
phenobarbitone and s a fro le . Table 5 gives the resu lts  from the two
6experiments carried  out. The level o f ATP is expressed in nmoles/10 
c e lls  fo r each treatm ent, and as a percentage o f the co n tro l. Paracetamol 
(40mM) and phenobarbitone (20mM) both caused a very s im ila r  reduction in  
the ATP level o f about 40% w ith sa fro le  (lOmM) having a more marked e f fe c t  
with a 17% reduction. These measurements were carried  out on samples 
where the e ffe c t  o f the exogenous compounds were neu tra lised  w ith in  two 
minutes by the add ition  o f perch loric  acid . The e ffe c ts  on the ATP 
leve ls  were, th e re fo re , very rap id .
T a b le  5 : Comparison o f  th e  e f f e c t  o f  p a r a c e ta m o l ,  p h e n o b a rb ito n e
and s a f r o l e  on ATP l e v e l s  in  i s o l a t e d '  r a t  h e p a to c y te s
Treatment ATP(nmo1/106 c e lls )  a t 2 minutes % control
Control 16.25 t 1.42 100
Paracetamol(40mM) 6.28 t 0.77 38.64
Phenobarbitone(20mM) 6.75 i 1.21 41.53
Safrole(lOmM) 2.79 t 0.93 17.16
E x p e r im e n ta l  c o n d i t io n s  were as d e s c r ib e d  in  th e  'M e th o d s ' .
Each sample was re p e a te d  in  d u p l i c a t e .  The r e s u l t s  a re  th e
means ±  SD fro m .tw o  e x p e r im e n ts .
4.9 EFFECTS ON CYCLIC ADENOSINE MONOPHOSPHATE (C yclic  AMP)
Cyclic AMP was assayed by radioimmunoassay using a k i t  supplied by the 
Radiochemical Centre (Amersham). The method fo r  producing the standard 
curve was sen sitive  and very reproducible. Problems, however, were 
encountered w ith the preparation o f the samples from the iso la ted  
hepatocytes fo r  use in  the assay. The values obtained in  the prelim inary  
experiments were a l l  very high based on those quoted in  the l i t e r a tu r e .
The main reason fo r  th is  was probably the complex nature o f the medium1 
used fo r  incubating the c e lls  and the acid used to p re c ip ita te  the 
proteinacious m ate ria l. I t  was found th a t i f  tr ic h lo ro a c e tic  acid fra c tio n  
was adjusted to 0.1N HC1 and then exhaustively extracted f iv e  times with  
water saturated ether the samples were cleaner and the freeze dried  m ateria l 
much less in q u a n tity . When th is  method had been perfected i t  was found 
th a t the resu lts  were more reproducible and re fle c te d  leve ls  o f c y c lic  
AMP reported in  the l i t e r a tu r e .  An experiment was carried  out to ensure 
th a t the level o f c yc lic  AMP obtained was d ire c t ly  re la te d  to the number 
o f c e lls  in the o rig in a l sample by d ilu t in g  samples to determine whether 
the leve ls  were the same or whether they decreased. I f  im p urities  had been 
present in  the sample d ilu tio n  th is  would have been expected to reduce 
th e ir  e f fe c t .  Th is , however, was found not to be the case i f  the exhaustive  
extrac tion  procedure was employed.
The resu lts  in Table 6 are from an experiment to determine the e ffe c ts  o f 
the paracetamol, phenobarbitone and s a fro le , used a t the same concentration  
as in  the ATP experiments, on c yc lic  AMP le v e ls . I t  is  evident th a t 
paracetamol and phenobarbitone have minimal e ffe c ts . S afro le  appears to 
have a s ig n ific a n t e f fe c t  in  reducing the leve l o f c y c lic  AMP a f te r  a 
th ir ty  minute incubation period.
T a b le  6 : Comparison o f  th e  e f f e c t s  o f  p a ra c e ta m o l ,  p h e n o b a rb i to n e ,
and s a f r o l e  on c y c l i c  AMP l e v e l s  in  i s o l a t e d  r a t
h e p a to c y te s
Treatment
Cyclic AMP pm ole/lO^cells
5 min 10 min 30 min 60 min
Control 2 .3 1.5 1.4 1.65
40mM
Paracetamol 1.75 2 . 0 2.13 1.65
20mM
Phenobarbitone 1.33 1.45 1.38 1.05
lOmM
S afro le 1.55 1.55 0.75 0.43
Cyclic AMP was determined by radioimmunoassay, d e ta ils  o f the method 
are in  Chapter 3. The resu lts  are the means o f dup licate determ inations.
4 . 1 0  INVESTIGATIONS WITH PRIMARY MONOLAYER CULTURES OF ADULT RAT
HEPATOCYTES
Suspensions o f iso la ted  hepatocytes provide an ideal system fo r  
in vestig a tin g  those e ffe c ts  o f xenobiotics on the l iv e r  in  v itro  
which are evident in  short time periods o f up to three or four hours.
I f  hepatocytes, however, are incubated fo r  longer periods th e ir  v ia b i l i t y  
and functional capacity w il l  d e te rio ra te  and any s im ila r ity  to the in  vivo 
s itu a tio n  w il l  become increasing ly remote. The use of primary monolayer 
cultures enables longer periods o f in ves tig a tio n  o f up to several days. 
Hepatocytes in  monolayer cu ltu re  attach to a cu ltu re  surface in a manner 
which resembles the in vivo appearance o f hepatocytes. The c e lls  spread 
out, adopting "hexagonal" shapes, forming sheets o f c e lls  w ith evidence 
o f structures s im ila r  to b ile  c a n il ic u l i .  Figure 38 is  an example o f a 
monolayer cu ltu re  o f adu lt ra t  hepatocytes a f te r  two days in c u ltu re , 
stained w ith haematoxylin and eosin . A number o f parameters have been 
investigated in  cu ltu re  the resu lts  o f which w il l  now be presented.
Figure 38: Primary monolayer cu lture  o f iso la ted  ra t  hepatocytes
a fte r  48 hours in cu lture  stained with haematoxylin 
and eosin (x400)
a *
4.10.1  The .e ffec ts  of xenobiotics on protein  synthesis in  cultures  
I t  has already been demonstrated th a t paracetamol in h ib its  the ra te  of 
protein  synthesis in  v it ro  in fre s h ly  iso la ted  hepatocyte suspensions. 
Experiments were carried  out in  cultures to investiga te  the e ffe c ts  o f 
paracetamol over a s im ila r  time period, o f one hour, and range o f 
concentrations. The resu lts  o f these experiments are given in  Figure 39.
The concentration o f paracetamol which caused a 50% in h ib it io n  in  the ra te  
o f protein  synthesis was about lOmM, which together w ith the slope o f the 
curve fo r  the dose response e f fe c t  compares w ell with the e ffe c ts  found in  
the iso la ted  hepatocyte suspensions (Figure 18). There is  also evidence 
to suggest th a t concentrations o f paracetamol less than 0.5mM caused an 
increase in  the ra te  o f pro tein  synthesis.
Thus i t  was confirmed th a t hepatocytes in  cu ltu re  responded in  a s im ila r  
manner to hepatocytes in  suspension w ith regard to e ffe c ts  on the ra te  o f  
protein  synthesis. The cultures were now used as a system fo r  in ves tig a tin g  
the longer term e ffe c ts  o f paracetamol. The unique property o f monolayer 
cultures where the c e lls  become attached to a p la s tic  surface enables the 
incubation medium to be changed w ithout damaging the c e lls .  Hence 
fa c i l i t a t in g  the use o f d if fe re n t  exposure times to xenobiotics and the 
capacity to monitor the cultures fo r  some time a f te r  the removal o f the 
xenobiotic.
The concentration o f paracetamol which causes near maximal in h ib it io n  o f 
protein  synthesis was found to be 40mM both in suspension and cu ltu re .
This concentration was therefore  used and added to cu ltu res , a f te r  a 
two day period o f incubation w ith control medium, fo r  2 , 4 , 6 and 8  hours. 
The ra te  o f pro tein  synthesis was monitored fo r  one hour; d ire c t ly  a f te r  
the add ition  o f paracetamol, immediately a f te r  the completion o f each 
exposure period, then again a t fu rth e r in te rv a ls  o f two and 24 and 48 
hours a f te r  the s ta r t  o f the experiment. A ll estim ations apart from 
the f i r s t  were monitored in the absence o f paracetamol.
The resu lts  o f th is  ra th er complex experiment are expressed g rap h ica lly  
in Figure 40 with the ra te  o f protein  synthesis being expressed as a 
percentage o f the control a t each time p o in t. At zero time in the presence 
o f paracetamol the ra te  o f protein  synthesis was reduced to about 7% o f the 
co n tro l, a near maximal in h ib it io n . A fte r  two hours o f incubation, when
the paracetamol had been removed, protein synthesis was in h ib ite d  by 
about 80%. A fte r a fu rth e r  two hours the ra te  o f protein  synthesis 
increased to 50% of the co n tro l. At 24 hours the ra te  was 70% of the 
control and by 48 hours the ra te  was nearly back to control le v e ls .
The p ro f ile  fo r  the cultures exposed fo r  four hours to paracetamol 
was very s im ila r  to the two hour exposure.although the ra te  o f recovery 
over the f i r s t  24 hours was not qu ite  as rap id . The resu lts  fo r  the 
cultures exposed fo r  6 and 8  hours to 40mM paracetamol, however, were 
very d if fe re n t .  The ra te  o f protein synthesis was reduced to less than 
10% o f the control value d ire c t ly  a f te r  exposure and was fu rth e r  reduced 
in  the subsequent determ inations. In the cultures exposed fo r  8  hours 
in h ib it io n  was 100% w ith in  twelve hours.
A separate experiment was conducted using the same exposure times to 
investiga te  the to x ic ity  o f paracetamol to the cu ltu res . Table 7 gives 
the resu lts  o f the nuclei counts determined fo r  the cultures a t time 
points s im ila r  to those used in  Figure 40 fo r  the e ffe c ts  on protein  
synthesis. Exposure o f the cultures to 40mM paracetamol fo r  two hours 
had no marked tox ic  e f fe c t  on the cu ltu res . Exposure fo r  four hours, 
however, did decrease the nuclei number a f te r  four hours w ith fu r th e r  
reductions a t 24 and 48 hours. Exposure fo r  6 and 8 hours caused marked 
to x ic ity  w ith n e g lig ib le  numbers o f nuclei being present a t 24 hours and 
no evidence o f any attached c e lls  a f te r  48 hours.
A fu rth e r experiment was conducted to compare the e ffe c ts  o f phenobarbitone 
and sa fro le  w ith paracetamol on protein  synthesis in  c u ltu re . The 
concentration o f paracetamol u t il is e d  was the same as in  the previous 
experiments (40mM). whereas the concentrations o f phenobarbitone and 
sa fro le  chosen were those th a t would in h ib it  protein  synthesis by about 
50% (5mM and ImM respective ly ) as i t  was considered th a t these compounds 
were l ik e ly  to be p o te n tia lly  more to x ic  to the cu ltu res . The experimental 
protocol followed was s im ila r  to th a t u t il is e d  in  the previous experiments 
with paracetamol above.
The cultures prepared fo r  th is  experiment were o f in fe r io r  q u a lity  due 
to there being q u a n tita tiv e ly  less c e lls  attached per cu ltu re  to the 
monolayer. This could have a ffected  the resu lts  o f the experiment, 
esp ecia lly  towards the end when even less c e lls  were attached and. any 
small errors in determination could have been compounded.
The resu lts  o f th is  experiment are given in  Table 8 . The in i t i a l  
determ ination o f  the ra te  o f protein  synthesis in the presence o f the 
three compounds ind ica te  th a t in h ib it io n  o f protein  synthesis was about 
90% in  the presence o f 40mM paracetamol, 34% in the presence o f 5mM 
phenobarbitone and 27% in the presence o f ImM s a fro le . The ra te  o f 
protein  synthesis in the presence o f sa fro le  was only ju s t  measurable 
due to the fa c t th a t the add ition  o f sa fro le  to the cultures caused the 
ce lls  to detach from the cu ltu re  surface. The detached c e lls  did not 
take up trypan blue and were, th e re fo re , assumed to be v ia b le . S afro le  
must, th e re fo re , e f fe c t  the capacity o f the c e lls  to form a stable  
monolayer c u ltu re . The resu lts  o f th is  experiment were d i f f i c u l t  to  
in te rp re t due to the v a r ia b i l i t y  in  the rates o f protein  synthesis in the 
control cu ltu res . I t  would appear, however, th a t the longer the exposure 
to 40mM paracetamol the greater the in h ib it io n  o f pro tein  synthesis.
Treatment o f the cultures fo r  8  hours w ith paracetamol did not, in th is  
case, cause marked c e ll death nor did i t  appear to m aintain a .permanent 
reduction in  the ra te  o f pro tein  synthesis. The e f fe c t  o f 5mM phenobarbitone 
on protein  synthesis was not as great as th a t o f 40mM paracetamol, and i ts  
duration o f action was not as long because a f te r  each exposure time its  
e ffe c t  on the ra te  o f protein  synthesis demonstrated qu ite  a rapid  
recovery.
F ig u re  3 9 : E f f e c t  o f  parace tam ol on th e  i n c o r p o r a t io n  o f  [ ^ C j - L e u c i n e
i n t o  p r o t e i n  o f  p r im a ry  m o no layer c u l t u r e s  o f  a d u l t  r a t
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Primary monolayer hepatocytes were prepared as described in 'Methods1.
On day 2 o f the c u ltu re , flasks were trea ted  w ith 40mM paracetamol fo r
^ ^  2 hrs; ° ------ 4 hrs; • --------------• ,  6 hrs; an d -4 ----------- 8  hrs.
I M  -Leucine incorporation , over one hour, was measured a f te r  
paracetamol treatm ent, then again 2 hours la te r ,  and a t 24 and 48 hours 
a f te r  the commencement of the experiment, [ ^ c ]  -Leucine incorporation  
was 7% of the control value when measured in the presence o f paracetamol 
at the commencement o f the experiment.
Table 7 : The to x ic ity  o f paracetamol to primary monolayer cultures  
of adu lt ra t  hepatocytes a f te r  d if fe re n t  exposure times
Treatment
Time o f cu ltu re  (hours)
0 2 4 6 8 24 48
Control 2.98 2.38 2.28 1.74 2.24 1 .1 0 1 .6 8
2hr paracetamol -  2.90 - - - 1.74 1.14
4hr paracetamol - 1 .6 6 - - 0.38 0.16
6 hr paracetamol - - 0.74 - 0.06 0 . 0 .
8 hr paracetamol - - 0 .1 2 0 . 0 2 0 . 0
-6The resu lts  are expressed as nuclei counts (x 10 ) .
The experimental conditions fo r  th is  experiment were the same as fo r  
the resu lts  described in  F ig . 40. The cultures were exposed to 40mM 
paracetamol fo r  2 , 4 , 6 or 8 hours. The nuclei counts were determined 
a t the end o f the exposure period and a t 24 and 48 hours a f te r  the 
s ta r t  o f the experiment. A ll counts were done in dup licate (two f la s k s ) .
T a b le  8 : E f f e c t s  o f  p a ra c e ta m o l ,  p h e n o b a rb ito n e  and s a f r o l e  on
p r o t e i n  s y n th e s is  in  m onolayer c u l t u r e s  o f  a d u l t  r a t
h e p a to c y te s
Treatment 
(Time in  
hours)
Time in cu lture
0 4 6 8 10 24 48
Control 953 510 481 395 768 866 514
Paracetamol 2 92(9.6%) 637 750 751
4 287 1194 783
6 272 704 652
8 618 757 682
Phenobarbitone 2 392(34%) 601 873 845
A
*t
/I 7 0-T I 716 793
6 638 828 1015
8 842 1005 1205
S afro le 2 258(27%)
Cultures were treated  w ith 40mM paracetamol, 5mM phenobarbitone, or 
ImM sa fro le  fo r  2 , 4 , 6 , or 8 hours. Protein synthesis was measured 
over one hour a t zero tim e, two hours a f te r  removal o f treatm ent 
and a t 24 and 48 hours. Results are expressed as DPM/mg protein  
(means o f t r ip l ic a te  estim ations). Values in  parenthesis are the 
percentage o f the control value a t zero tim e.
4.10 .2  Comparison o f the e ffe c ts  o f paracetamol and carbon te tra c h lo rid e  
on cultures using cytochemical and other methods
The preparation o f monolayer cultures o f adu lt r a t  hepatocytes on cover 
s lip s  in  Leighton tubes, ra th e r than Falcon f la s k s , provides a su itab le  
system fo r  in ves tig a tin g  e ffe c ts  on in tr a c e llu la r  enzymes by cytochemical 
methods. The cultures can be incubated w ith s p e c ific  reagents which w il l  
react w ith enzymes causing a coloured chemical to be deposited a t the 
point in  the c e ll where the enzyme is  present. The amount o f enzyme may 
then be q u an tified  using microdensitometry.
The e ffe c ts  o f paracetamol and carbon te tra c h lo rid e  on three in tr a c e llu la r  
enzymes, NADPHg diaphorase, succinate dehydrogenase and glucose-6 -  
phosphate dehydrogenase were investigated  in  th is  way w ith the resu lts  
being q u an tified  w ith a Vickers Scanning and In te g ra tin g  Microdensitometer. 
The resu lts  o f these experiments are summarised in  Figure 41. Carbon 
te tra c h lo rid e  was used a t two concentrations o f 1000  and 1 0 , 0 0 0 ppm being 
incubated w ith the cultures fo r  up to s ix  hours, with only one concentration  
of paracetamol (lOmM) being used. The higher concentration o f carbon 
te tra c h lo rid e  caused a reduction in  the leve ls  o f a l l  three enzymes over 
the s ix  hour incubation period, i ts  e ffe c ts  being most marked on the 
glucose-6 -phosphate dehydrogenase. Paracetamol (lOmM) and carbon 
te tra c h lo rid e  (lOOOppm) both caused reductions, o f a s im ila r  magnitude, 
in  the levels  o f a c t iv ity  o f succinate dehydrogenase and glucose-6 -phosphate 
dehydrogenase, and in contrast to the e ffe c ts  o f 1 0 , 0 0 0 ppm carbon 
te tra c h lo r id e , they both caused increases in  the a c t iv ity  o f NADPHg 
diaphorase. Figure 42b is  an example o f a cu ltu re  trea ted  w ith a low 
leve l o f carbon te tra c h lo rid e  (O.Olppm) where the a c t iv ity  o f NADPHg 
diaphorase, present as a purple formazan deposit, is  markedly increased 
over th a t o f a s im ila r  control cu ltu re  (Figure 42a).
A fu rth e r experiment was conducted w ith three concentrations o f carbon 
te tra c h lo rid e  with incubations o f up to 24 hours to confirm the e ffe c ts  
on NADPH£ diaphorase. The resu lts  in  Table 9 ,given as percentages o f 
control enzyme a c t iv ity , in d ic a te  th a t a t  leve ls  o f 1000 and 500ppm 
carbon te tra c h lo rid e  causes a marked increase in  the a c t iv ity  o f NADPHg
diaphorase reaching nearly 300% o f the control value a f te r  8 hours 
treatm ent w ith lOOOppm. The lOOOppm carbon te tra c h lo rid e  appeared to be 
the most ac tive  concentration in  increasing the enzyme a c t iv i t y ,  
whereas 5,000ppm was obviously tox ic  to the cu ltu res .
A fo llow  up experiment was attempted to determine whether the increase in  
enzyme a c t iv ity  fo r  the NADP^ diaphorase was due to induction or 
a c tiv a tio n . Cultures were, th e re fo re , incubated w ith cycloheximide as 
well as carbon te tra c h lo rid e  the ra tio n a le  being th a t i f  the increase  
in  enzyme leve ls  was due to induction th is  should be masked by the 
e ffe c ts  o f cycloheximide on in h ib it in g  the synthesis o f new enzyme.
This experiment was not successful due to the poor nature o f the cu ltu re  
and the e f fo r t  which would have been involved in  quantify ing  the resu lts  
by microdensitometry could not be ju s t i f ie d .  One in te re s tin g  fa c t did
arise  from the experiment, however, which was th a t carbon te tra c h lo rid e
to x ic ity  to the cultures appeared to be reduced in the presence o f  
cycloheximide. This was ju s t  a visual observation and could not be 
q u a n tifie d . There was in s u ff ic ie n t  time to confirm th is  observation.
Some resu lts  were also obtained fo r  the e ffe c ts  o f phenobarbitone, an 
inducer o f l iv e r  microsomal enzyme a c t iv i t y ,  on the a c t iv ity  o f NADPh  ^
diaphorase, succinate dehydrogenase, and glucose-6 -phosphate dehydrogenase. 
These resu lts  are d e ta ile d  in  Table 10. Enzyme a c t iv it ie s  expressed as 
a percentage o f control a c t iv ity  are given a f te r  2 , 6 , 26 and 30 hours o f  
exposure to 2mM phenobarbitone. The resu lts  tended to be s l ig h t ly  
inconsistent probably due to the v a r ia b i l i t y  o f the values obtained fo r  
the controls in th is  experiment. NADP^ diaphorase a c t iv ity  appeared to 
be increased to a high level a f te r  s ix  hours which was s t i l l  apparent a t  
30 hours. Succinate dehydrogenase a c t iv ity  was also increased a f te r  two 
hours o f incubation but th is  level- o f a c t iv ity  then returned to control 
le v e ls . Glucose-6 -phosphate dehydrogenase a c t iv ity  was also increased  
with a greater increase a t 26 and 30 hours.
The e ffe c ts  o f paracetamol (lOmM) and carbon te tra c h lo rid e  (1000 and
10,000ppm) on c e ll number, glutamic oxaloacetic transamines (GOT) 
levels  and protein  synthesis were then compared (Figure 4 3 ). This 
experiment confirms th a t 1 0 , 000ppm carbon te tra c h lo rid e  was very to x ic
/
to the cultured hepatocytes, the number o f nuclei being reduced to less 
than 20% of the control w ith in  two hours o f incubation. This is  fu rth e r  
supported by the low leve l o f GOT present w ith in  the c e lls  s t i l l  attached  
to the surface o f the cu ltu re  and a marked e f fe c t  on protein  synthesis 
with nearly maximal in h ib it io n  apparent a t  two hours. Carbon te tra c h lo rid e  
a t a concentration o f lOOOppm had a s lig h t  e f fe c t  on c e ll number a t two 
hours but th is  was not more marked a t s ix  hours where the c e ll number was 
s im ila r  to th a t in  the cultures treated  w ith lOmM paracetamol. The 
e ffe c ts  o f lOOOppm carbon te tra c h lo rid e  and lOmM paracetamol on GOT 
levels  and protein  synthesis were very s im ila r  over the s ix  hour 
incubation period.
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F ig u re  4 2 :
Cytochemical i l lu s tra t io n s  of the a c t iv ity  o f NADPH^  diaphorase 
in primary monolayer cultures o f adu lt ra t  hepatocytes.
(a) Untreated (m agnification x200)
(b) Treated with O.Olppm CC14
Table 9 : The e ffe c t  o f CCl^ on the a c t iv ity  o f NADP^diaphorase in  
primary monolayer cultures o f adu lt ra t  hepatocytes
Treatment
Time in cu ltu re  a f te r  add ition  o f treatm ent (hrs)
2 4 6 8 24
Control 100 100 100 100 100
500 ppm CCld 131 97 157 180 134
1nnn nnm r r i. - - -  r r “* w o  i^ Q£«✓ W 1 QC 1 202 OO/IC.O't 123
5000 ppm CC1^ 87 26 14 0 0
The resu lts  are expressed as a percentage o f the control value a t each 
time po in t.
Primary cultures were prepared on coverslips in  Leighton tubes w ith  
duplicates fo r  each treatm ent and time po in t. The cultures were exposed 
continuously to th e ir  ind iv idu al treatm ent a f te r  the s ta r t  o f the 
experiment (tim e 0 ) .
T a b le  1 0 : The e f f e c t  o f  p h e n o b a rb ito n e  (2mM) on th e  a c t i v i t y  o f
t h r e e  i n t r a c e l l u l a r  enzymes i n  m onolayer c u l t u r e s  o f
a d u l t  r a t  h e p a to c y te s
Enzyme
Time in cu lture  (hrs)
2 6 26 30
nadph2
Diaphorase
134 214 113 206
Succi nate 
dehydrogenase
142 73 94 108
G1ucose-6 -phosphate 
dehydrogenase
133 115 152 201
Cultures were incubated continously w ith 2mM phenobarbitone.
Enzyme a c t iv ity  was measured by q u a n tita tiv e  cytochemistry.
The resu lts  are expressed as a percentage of control values and 
are the mean o f 10 readings.
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4 . 1 0 . 3  E f f e c t  o f  c y c lo h e x im id e  on th e  m e ta b o l ic  a c t i v i t y  o f  p r im a ry
cultures of ra t  hepatocytes
The maintenance o f physiological leve ls  o f cytochrome P-450 in  
cultures is a major problem associated w ith primary maintenance 
cultures (see 2 .6 ) .  Guzelian and Barwick (1979) demonstrated th a t 
the marked loss in  leve ls  o f cytochrome P-450 occurring during the 
f i r s t  12 hours o f cu ltu re  may be prevented by incubating cultures  
with in h ib ito rs  o f protein  synthesis. The purpose o f the fo llow ing  
two experiments was to in vestigate  whether the add ition  o f cycloheximide 
to the incubation medium would maintain the a c t iv ity  o f the mixed 
function oxidase system and to v e r ify  the find ings o f Guzelian and 
Barwick.
On the basis o f previous resu lts  (see F ig . 17) a concentration o f 10” M^
cycloheximide was chosen since i t  in h ib ite d  protein  synthesis in
suspensions o f iso la ted  hepatocytes by about 50%. A fu rth e r  concentration  
-5o f 10 M cycloheximide was also employed. The cycloheximide was added 
to the cultures on day 0 when the c e lls  were f i r s t  seeded in to  cu ltu re  
flasks and was present a t the same concentrations throughout the 
three day experiment. Cell number, in terms of the number o f nuclei., 
and the a c t iv ity  o f 7-ethoxycoumarin 0-deethylase (an in d ic a to r o f  
the a c t iv ity  o f the microsomal mono-oxygenase system) were monitored 
d a ily  fo r three days. The ra te  o f protein  sysnthesis was estimated  
a f te r  24 hours in  c u ltu re .
Two experiments were carried  out w ith the hepatocytes seeded in to  
Falcon flasks coated w ith collagen in the f i r s t  but not the second.
Some cultures were stained w ith Giemsa sta in  to i l lu s t r a te  the c e l lu la r  
morphology. The morphology o f the cultures from the f i r s t  experiment 
is  described in the fo llow ing section . Figures 44-50 are i l lu s t r a t io n s  
o f the cultures from the second experiment.
C e llu la r  morphology:
A fte r 24 hours in cu ltu re  large numbers of c e lls  were attached to the 
monolayer in the untreated cu ltu res . The c e lls  were predominantly 
e p ith e lia l in character with some re ticu lo e n d o th e lia l c e lls  and 
fib ro b las ts  also present. They appeared la rg e ly  as c lusters w ith
occasional s ingle c e lls .  The e p ith e lia l c e lls  were spread out with  
w ell-d e fin ed  morphology and in te rc e llu la r  gaps with evidence o f occasional 
d u c t-lik e  s tructu res . The c e l lu la r  cytoplasm was granular w ith  
occasional vacuoles, the nuclei containing two to four nucleo li w ith  
binucleate c e lls  predominating. A fte r  a fu rth e r  day in  cu ltu re  there  
were s t i l l  large numbers o f c e lls  attached w ith the e p ith e lia l  morphology 
la rg e ly  preserved in  the centre o f the c e ll sheets but becoming less 
d is t in c t  a t the periphery. The plasma membranes were becoming less 
d is t in c t  due to the spreading of the cytoplasm, resu ltin g  in less 
w ell-d e fin ed  in te rc e llu la r  spaces, together w ith some misshapen n u c le i. 
Fibroblasts and re ticu lo e n d o th e lia l c e lls  were s t i l l  apparent w ith the 
la t t e r  demonstrating phagocytic a c t iv i ty .  By day three the morphological 
degeneration was becoming more marked w ith some c e lls  showing 
pseudopodia-like projections w ith m ito tic  figures present in some 
f ib ro b la s ts . By day four the fib ro b la s ts  were beginning to predominate 
in the cu ltu re  w ith the e p ith e lia l  morphology degenerating fu rth e r  
with large numbers o f vacuoles present in  the cytoplasm o f the e p ith e lia l  
c e lls .
A fte r  one day o f cu ltu re  in the presence o f 10” M^ cycloheximide the 
monolayer had s im ila r it ie s  to the untreated cultures although there  
appeared to be less c e lls  attached and the c e ll s ize tended to be 
sm aller. There were a number o f round c e lls  w ith a large nucleus 
to cytoplasm r a t io ,  the e p ith e lia l c e lls  tended to contain more 
vacuoles, and there were also some necro tic  c e lls  apparent. By the 
second day o f cu ltu re  the vacuolation was more extensive w ith some 
c e lls  containing large perinuclear vacuoles. Some of the e p ith e lia l  
c e lls  maintained th e ir  e p ith e lia l morphology b e tte r than those o f 
the controls and there were also fewer ir re g u la r ly  shaped n u c le i. By 
the th ird  day o f cu ltu re  about 50% o f the e p ith e lia l  c e lls  were showing 
extensive vacuolation w ith the remaining c e lls  showing b iza rre  nuclei 
and extensive spreading o f the cytoplasm such th a t the e p ith e lia l  
morphology observed on day one had la rg e ly  disappeared.
-5Cycloheximide a t the higher concentration o f 10 M had a severe e f fe c t  
on the cu ltu res . Although there were some c e lls  attached on day one 
o f the cu lture  they were mostly round, densely stained and necro tic
w ith a high nucleus to cytoplasm r a t io . The surface o f the cu ltu re  
flas k  was l i t te r e d  w ith amorphous m aterial which was probably c e ll 
debris . By the second day o f cu ltu re  there were even fewer c e lls  
attached and a l l  appeared necro tic .
F ig u re  4 4 : P r im a ry  m ono layer c u l t u r e  o f  a d u l t  r a t  h e p a to c y te s  a f t e r
24 hours (d ay  1 ) ,  s ta in e d  w i th  Giemsa s t a i n  (x 2 0 0 )
Figure 45: Primary monolayer cu lture  o f adu lt ra t  hepatocytes a f te r
48 hours (day 2 ) ,  stained w ith Giemsa sta in  (x200)
F ig u re  4 6 : P r im a ry  m onolayer c u l t u r e  o f  a d u l t  r a t  h e p a to c y te s  a f t e r
72 hours (d ay  3 ) ,  s t a in e d  w i t h  Giemsa s t a i n  (x 2 0 0 )
C i  n n v » n  A  *7 • D»i aw. v- - r / . r i imary monolayer cu ltu re  o f adu lt ra t  hepatocytes treated  
w ith 10” M cycloheximide a f te r  24 hours (day 1 ) ,  stained  
with Giemsa sta in  (x200)
F ig u re  4 8 : P r im a ry  m onolayer c u l t u r e  o f  a d u l t  r a t  h e p a to c y te s  t r e a t e d
w i t h  l C f 7M c y c lo h e x im id e  a f t e r  48 hours (day  2 ) ,  s ta in e d
w i t h  Giemsa s t a i n  (x 2 0 0 )
Figure 49: Primary monolayer cu lture of adu lt ra t  hepatocytes treated
with 10’ 7M cycloheximide a f te r  72 hours (day 3 ) ,  stained  
with Giemsa sta in  (x200)
%
F ig u re  5 0 : P r im a ry  m o nolayer c u l t u r e  o f  a d u l t  r a t  h e p a to c y te s  t r e a t e d
w i t h  10’ ^M c y c lo h e x im id e  a f t e r  24 hours (d ay  1 ) ,  s t a in e d
w i t h  Giemsa s t a i n  (x 2 0 0 )
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7-Ethoxycoumarin O-deethylase a c t iv i t y ,  protein  synthesis and c e ll 
number a f te r  treatm ent w ith cycloheximide:
The above three parameters were also measured a f te r  treatm ent w ith
-5 -7cycloheximide a t 10 M and 10 M. In both experiments, as previously  
-5described, 10 M cycloheximide was very to x ic  to the c e lls  causing 
a large reduction in the c e ll numbers attached by day one o f the 
cu ltu re . A marked decrease in  the ra te  o f pro tein  synthesis was also  
evident being 1.4% and 3.0% o f the control values fo r  the two 
experiments resp ec tive ly .
The resu lts  o f the f i r s t  experiment are d e ta iled  in Figure 51. The ra te  
o f protein  synthesis was reduced to 50.8% o f the control value by 1(T7M 
cycloheximide although the e f fe c t  o f th is  concentration on c e ll number 
did not d i f f e r  from the controls over the three day period. 7-Ethoxy- 
coumarin 0 -deethylase a c t iv ity  was measured fo r  four hours in  the 
cultures days one to three and expressed in terms o f the number o f 
nuclei present in the f la s k . A fte r  one day in cu lture the 7-ethoxycoumarin 
0 -deethylase a c t iv ity  in  the 1 0"7M cycloheximide treated  cultures was twice  
th a t o f the control value. This was followed by a near l in e a r  reduction  
in a c t iv ity  on days two and three o f the c u ltu re . In the control cu ltures  
the a c t iv ity  increased on the second day o f cu lture  to twice the leve l on 
day one. This was followed by a marked f a l l  in  a c t iv ity  by day th ree .
In the second experiment described in Figure 52, 10~7m cycloheximide 
caused a reduction in protein  synthesis to 44.5% o f the control le v e l.
At th is  leve l the cycloheximide did not appear to.be to x ic  to the c e lls  
compared to the controls over the three day period o f incubation. The 
resu lts  in  th is  second experiment fo r  the a c t iv ity  o f the 7-etho^ycoumarin 
0 -deethylase a c t iv ity  d iffe re d , however, from those o f the previous 
experiment. In each case the a c t iv ity  in  the controls was g reater than 
th a t in  the cycloheximide treated  cu ltures but the a c t iv ity  increased in  
both from days one to two o f cu lture  followed by a f a l l  o f f  in  a c t iv ity  
in both treated  and untreated by day three although the a c t iv ity  in the 
controls was more than double th a t in the cycloheximide trea ted  cultures  
on the th ird  day o f cu ltu re .
F ig u re  5 1 : The e f f e c t  o f  c y c lo h e x im id e  on n u c le i  number, and
7 -e th o x y c o u m a r in  0 - d e e th y la s e  a c t i v i t y  in  p r im a ry
m o no layer c u l t u r e  o f  a d u l t  r a t  h e p a to c y te s
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Cultures were incubated w ith medium containing 10"^M cycloheximide •
(O O ), 10"5Mcycloheximide (□------ □) or control medium (v  v ) .  Nuclei
counts and 7-ethoxycoumarin 0-deethylase a c t iv ity  were measured a t the 
time points ind icated . A ll resu lts  were the mean o f three samples. 
(The nuclei count fo r  day 0 was estimated from the number o f c e lls  
seeded in to  the flasks assuming a 30% binuclea.tion o f the c e l ls . )
Figure 52: Second experiment to determine the e ffe c t  o f  cycloheximide
on nuclei number, protein  synthesis and 7-ethoxycoumarin 
0 -deethylase a c t iv ity  in  primary monolayer cultures o f  
adu lt ra t  hepatocytes
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■O).Culture flasks were incubated with medium containing 10 M(o-
10"^M (□------ □) cycloheximide w ith controls (v  v ) .  Nuclei counts and
7 -ethoxycoumarin 0 -deethylase a c t iv ity  were measured a t the time points  
ind icated . A ll resu lts  were the mean o f three samples.
(The nuclei count fo r  Day 0 was estimated from the number o f c e lls  seeded 
in to  the flasks assuming a 30% binucleation o f the c e l ls . )
4 . 1 0 . 4  Comparison o f  th e  in d u c in g  c a p a b i l i t i e s  o f  f o u r  b a r b i t u r a t e s
in primary monolayer cultures o f adu lt ra t  hepatocytes 
The experiments described in  the previous section (4 .1 0 .4 ) demonstrated 
th a t the microsomal mono-oxygenase system was active  in  primary 
cultures and th a t the levels  o f a c t iv ity  may increase a f te r  the f i r s t  
day in  cu ltu re  even in  control cu ltu res . Cultures should therefore  
serve as a su itab le  model fo r  in ves tig a tin g  the e ffe c ts  o f inducing 
agents and studying the mechanisms of induction. Furthermore by 
comparing d if fe re n t  barb itu rates i t  may be possible to id e n tify  
structure  a c t iv ity  re lationsh ips re q u is ite  fo r  induction o f the 
microsomal mono-oxygenase system.
In the fo llow ing experiments the e f fe c t  o f four barb itu rates  were 
compared, each w ith a d iffe r in g  duration o f a c t iv ity  in  v iv o , on 
the metabolic a c t iv ity  o f adu lt ra t  l iv e r  c e lls  in  primary monolayer 
cultures using the a c t iv ity  o f 7-ethoxycoumarin 0-deethylase as a 
measure o f microsomal mono-oxygenase a c t iv ity .
Prelim inary experiments were conducted to assess the to x ic ity  o f the 
•four b a rb itu ra te s , phenobarbitone, amylobarbitone, qu inalbarbitone  
and thiopentone (as th e ir  sodium s a lts ) to the cu ltu res . They were 
added to the cu ltu res , a f te r  an in i t i a l  24 hour period o f incubation  
with control media to allow the c e lls  to recover, on day one and were 
incubated continuously u n til day four when the nuclei were counted as 
a measure o f the number o f c e lls  attached-to  the monolayer cu ltu res .
The resu lts  in  Table 11 demonstrate th a t a l l  four o f the b arb itu ra tes  
were extremely tox ic  a t  a concentration o f lOmM with no c e lls  remaining 
attached. At ImM concentrations phenobarbitone was not to x ic  whereas 
the other three barb itu rates were qu ite  markedly to x ic . There was 
no evidence o f any o f the barb iturates being to x ic  a t IOOjjlM or less .
Two experiments were then conducted to determine the concentration  
fo r  each b arb itu ra te  which would cause the optimal increase in  enzyme 
a c t iv ity  w ith minimal to x ic ity .  The resu lts  o f these two experiments 
are given in  Table 12. 7-Ethoxycoumarin 0-deethylase a c t iv ity  was 
measured a f te r  the cultures had been exposed to the barb itu rates  fo r  
48 hours (day th re e ). The resu lts  were expressed as nmole o f
c
7 -ethoxycoumarin 0-deethylase a c t iv ity  per 10 nuclei over a 4 hour 
incubation period. The optimal concentration o f phenobarbitone was 
found to be ImM a f te r  the second experiment. Amylobarbitone and q u in a l-  
barbitone were both found to induce maximal a c t iv ity  a t  O.lmM and 
thiopentone a t a concentration o f 0.2mM.
7-Ethoxycoumarin 0-deethylase a c t iv ity  was then measured days one to  
four in c lu s iv e ly  fo r  amylobarbitone and thiopentone a t th e ir  optimal 
concentrations and days one to four and day seven fo r  phenobarbitones 
and quinalbarb itone. The resu lts  o f these two experiments are given in  
Figures 53 and 54. In the untreated controls the a c t iv ity  on day 
two increased to a t leas t double the in i t i a l  a c t iv ity  on day one and 
then tended to f a l l  o f f .  Phenobarbitone caused a marked increase in  
a c t iv ity  which was approximately l in e a r  from days one to four and then 
f e l l  d ram atica lly  by day seven although i t  was s t i l l  higher than the 
control values. Amylobarbitone and quinalbarbitone had s im ila r  
p ro file s  o f a c t iv i t y ,  increasing ,to day two and then tending to  
plateau or decrease s l ig h t ly .  Thiopentone, however, was delayed in  
i ts  ac tio n . I t  caused a marked increase in  a c t iv ity  by day four but 
the increases were small and incremental days two and th ree .
A fu rth e r  experiment was carried  out using the same optimal concentrations  
fo r  the four barb itu rates over a seven day cu ltu re  period to t ry  and 
confirm the resu lts  of the previous experiments. The q u a lity  o f the 
cultures prepared fo r  th is  experiment was not as good as the previous 
ones and the control cultures gave some spurious re s u lts . The resu lts  
fo r  the barb iturates (F ig . 55) in d ica te  th a t ImM phenobarbitone was 
again the most active  over the f i r s t  four days of c u ltu re , w ith  the 
a c t iv ity  increasing s t i l l  fu rth e r by day seven. The p ro f ile s  fo r  
amyl obarbi tone and quinalbarbitone were again s im ila r  although the 
increase in  enzyme a c t iv ity  was not as great on day one fo r  an\yl obarbi tone. 
Thiopentone again had a delayed e f fe c t  in inducing the a c t iv ity  o f the 
enzyme but by day seven there was a marked increase in  a c t iv i t y .  The 
nuclei counts, which were very low in many o f the control cu ltu re s , 
were also very low in the amylobarbitone and quinalbarbitone cultures  
on day seven and th is  may have a ffected  the day seven a c t iv ity  resu lts  
fo r  these two barb iturates in th is  experiment. Although th is  la t t e r
experiment was not e n t ire ly  successful i t  did tend to confirm the 
previous resu lts  fo r  the e ffe c ts  o f the four barb iturates on microsomal 
mono-oxygenase a c t iv ity .
T a b le  1 1 : T o x i c i t y  s tu d y  w i t h  f o u r  b a r b i t u r a t e s  on p r im a ry  m ono layer
c u l t u r e s  o f  a d u l t  r a t  h e p a to c y te s
Compound
Concentration o f b arb itu ra te
lOmM ImM IOOjiM 10/iM
Phenobarbitone 0 18.4 x 104 24.4 x 104 18.8 x 1 0 4
Thiopentone 0 0 30.1 x 104 30.8 x 104
Quinalbarbitone 0 0 . 8  x 104 24.0 x 104 17.3 x 104
Amylobarbitone 0 1.07 x 104 23.1 x 104 25.1 x 104
T o x ic ity  was measured in terms o f the number o f nuclei present in  each 
f las k  (each value is the mean o f three f la s k s ) . The values were 
obtained on day 4 o f c u ltu re . The control values on days 1 and 4 were
29.4 x 104 and 18.9 x 104 resp ective ly .
Table 12: Determination o f the optimal concentrations fo r  four
barb itu rates fo r  maximal induction o f ethoxycoumarin 
0 -deethylase a c t iv ity
7-Ethoxycoumarin 0-deethylase a c t iv ity  
(nmole/10^ n u c le i/4 h r)
Experiment 1 Experiment 2
Control (day 1) 30.8 108.2
Control (day 3) 44.7 46.8
Phenobarbitone 3mM 12.3 -
2mM 61.9 108.1
ImM 134.0 145.8 *
0.5mM - 1 1 1 . 8
O.lmM - 65.9
Amylobarbitone 0.6mM 3.5 -
0.3mM 91.2 -
0 . 2mM 89.5 200.9
O.lmM 120.4 126.1 *
0.05mM - 118.1
O.OlmM - 128.6
Quinalbarbitone 0.3mM 2 .1 -
0.2mM 75.2 85.2
O.lmM 118.2 72.8 *
0.05mM - 70.1
O.OlmM - 62.3
Thiopentone 0.3mM 24.6 -
0.2mM 217.2 * -
O.lmM 159.2 -
A ll values above are the means o f three ind iv idual flas ks . Wider 
concentration ranges were tested but the resu lts  are only given fo r  
those levels  which were not very tox ic  to the cu ltu res , i . e .  the 
nuclei count was not too low.
*  These concentrations were regarded as being optim al.
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Cultures were incubated with medium containing ImM phenobarbitone
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Cultures were incubated w ith medium containing O.lmM amylobarbitone
(■ ------ ■ ) ,  0.2mM thiopentone ( • ------ • ) ,  or control medium (v  v ) .
7-Ethoxycoumarin 0-deethylase a c t iv ity  was measured a t  the time points  
ind icated . Each point was the mean o f dup licate samples.
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Cultures were incubated w ith medium containing ImM phenobarbitone (o  o ) ,
0 .1mM quinalbarbitone (□ -------□ ) ,  O.lmM amylobarbitone (■-------■ ) ,  or 0.2mM
thiopentone ( • -------• ) .  7-Ethoxycoumarin 0-deethylase a c t iv ity  was measured
at the time points ind icated . Each point was the mean o f dup licate  
samples.
C H A P T E R  5
D I S C U S S I O N
DISCUSSION
5.1 VIABILITY CHARACTERISTICS OF ISOLATED HEPATOCYTES 
Throughout the studies reported here the method used to is o la te  
hepatocytes was the non perfusion collagenase/hyaluronidase digestion  
of l iv e r  s lices  developed by Fry e t al_ (1976). An a lte rn a tiv e  
method w idely used is  v ia  perfusion o f the l iv e r  which resu lts  in  
la rg e r y ie ld s  o f hepatocytes w ith a shorter preparation tim e. The 
perfusion method,however,suffers from a number o f disadvantages.
I t  requires the use o f l iv e  animals under anaesthesia and surgical 
s k il ls  are necessary to perform the operative procedures. The 
perfusate contains la rg er quan tities  o f enzymes hence the technique 
is more expensive and there is  a tendency fo r  less re p ro d u c ib ility .
The s lic in g  technique also enables ready comparison o f species 
differences (Oones, 1978) including the use o f human l iv e r  biopsy 
samples.
W ithin the studies reported here a number o f parameters were monitored 
d ire c t ly  fo llow ing the completion o f hepatocyte is o la tio n  including  
the y ie ld  o f c e lls  which excluded trypan blue. The ra te  o f pro tein  
synthesis, re s p ira tio n , metabolic a c t iv i t y ,  g lu tath ione le v e ls , ATP 
and c yc lic  AMP levels  were a l l  monitored in untreated preparations  
o f iso la ted  ra t  hepatocytes. I t  is  therefore  o f in te re s t to compare 
the properties o f ind iv idual preparations o f iso la ted  hepatocytes 
and furthermore to compare the properties o f hepatocytes iso la ted  by 
the method u t il is e d  here w ith values in the l i te r a tu r e  where the 
method o f perfusion predominates. •
An approximate analysis has been made o f the y ie ld  o f v iab le  c e lls  
from hepatocyte iso la tio n s  prepared during the three years con tribu ting  
to th is  research (Table 1 ) . In the f i r s t  month th a t th is  technique 
was employed, p r io r  to the work reported here, the y ie ld  o f v ia b lec
ce lls  was about 50 x 10 w ith a v ia b i l i t y  o f 79%. During the year
6
1976-1977 the y ie ld  was again 50 x 10 but the v ia b i l i t y  had increased  
to about 86%. In the fo llow ing two years , 1977-1978 and 1978-1979, 
the y ie ld  o f hepatocytes had increased qu ite  markedly from the 
previous year w ith a corresponding, but less marked, increase in
v ia b i l i t y .  These resu lts  suggest th a t the is o la tio n  o f hepatocytes 
via the s lic in g  method as with most approaches involving b io lo g ica l 
m ateria ls  requires some degree o f experience. I t  is  c lea r however 
th a t reasonably high y ie ld s  o f c e ll s .w ith  acceptable v ia b i l i t y  were 
obtained w ith in  a r e la t iv e ly  short tim e.
Hamster hepatocytes proved eas ier to is o la te  since the l iv e r  tissue  
dissociated more re a d ily . The resu lts  given in  Table 1 in d ica te  th a t  
th is  did not necessarily  re s u lt in higher y ie ld s  and v ia b i l i t ie s .  
Experience with th is  species, however, was lim ite d  and the time the 
tissue was incubated with enzyme was not optimised.
A fu rth e r analysis was made to determine whether or not there was a 
co rre la tio n  between c e ll y ie ld  and v ia b i l i t y .  Figure 1 demonstrates 
th a t there is  a very poor co rre la tio n  since the resu lts  show a very 
wide s c a tte r . I t  therefore  follow s that-an  increased y ie ld  o f 
hepatocytes does not ensure increased v ia b i l i t y .  On the other hand 
a preparation w ith a low y ie ld  may s t i l l  prove useful since the 
apparent v ia b i l i t y  in terms o f trypan blue exclusion may be high.
Once experience had been obtained w ith th is  technique visual 
observation o f the suspension during preparation enabled prelim inary  
judgement o f i ts  a c c e p ta b ility  from the appearance, the re la t iv e  
ease w ith which i t  passed through the Boulting cloth  f i l t e r ,  and 
the c la r i ty  o f the supernatants during the f in a l cen trifu g a tio n  
procedure.
A number o f experiments were carried  out in  which the ra te  o f  
protein  synthesis was assessed by measuring the incorporation o f  
P<c] -Leucine in to  c e llu la r  protein  over a time period o f one hour. 
I t  was observed during these th a t although the between sample 
va ria tio n  w ith in  one experiment was small there was a marked 
va ria tio n  between experiments in the quantity  o f lab e lle d  amino acid  
incorporated in to  the c e llu la r  p ro te in . This in ter-experim enta l 
v a ria tio n  was unusually large compared to th a t experienced fo r  other 
c e llu la r  parameters l ik e  glutath ione leve ls  and basal re s p ira tio n .
The drug metabolising a c t iv ity  o f hepatocytes varied somewhat but 
th is  was probably re la ted  to induction o f the microsomal monoxygenase
Table 1 : An analysis o f c e ll y ie ld  and v ia b i l i t y  o f fre sh ly
iso la ted  hepatocytes over a three year period
Species Period Y ield  o f v iab le  c e lls  
(x 1 0 6 )
V ia b i l i t y
{%)
Rat August 1976 50.3 ± 17.4  
(n = 1 0 )
79 ± 6 
(n = 1 0 )
Rat 1976-1977 50.3 ± 15.5 
(n = 27)
86 ± 6 
(n = 27)
Rat 1977-1978 68.5 ± 16.0  
(n = 28)
89 ± 3 
(n = 28)
Rat 1978-1979 67.0 ± 17.9  
(n = 52)
90 ± 3 
(n = 52)
Hamster 1976-1979 • 56.0 t 17.5  
(n = 16)
88  ± 3 
(n = 16)
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Figure 1 : Scattergram comparing y ie ld  of v iab le  c e lls  and v ia b i l i t y
fo r  a number o f preparations o f fre s h ly  prepared iso la ted  
ra t  hepatocytes
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enzymes by environmental factors  re la ted  to the housing o f the 
animals. The two scattergrams (F igs . 2 and 3) demonstrate th a t  
there was no c o rre la tio n  between the ra te  o f protein  synthesis 0 
(DPM/mg p ro te in /h r ) ,  i n i t i a l  c e ll v ia b i l i t y  (F ig . 2) or the y e ild  
o f v iab le  c e lls  (F ig . 3 ) .  This in fe rs  th a t the v a r ia b i l i t y  in  
the ra te  of. protein  synthesis is not a re s u lt  o f the is o la tio n  
procedure but is  re la te d  to the in vivo capacity o f the animal 
from which the c e lls  were derived. .
In two experiments in which the ra te  o f protein  synthesis was 
measured in iso la ted  hamster hepatocytes, under equ ivalent 
experimental conditions to the ra t  hepatocytes, the ra te  o f 
incorporation o f amino acid was about 225 DPM/mg p ro te in /h r . This 
ra te  o f incorporation was markedly less than any ra te  recorded fo r  
ra t  hepatocytes which may ind icate  a species d ifference fo r  th is  
parameter.
The ra te  of endogenous re s p ira tio n , determined in fre sh ly  iso la ted
C
ra t  hepatocytes, was about lOnmole 02 consumed/min/10 c e lls  a t 37 C. 
This is  o f the same order o f magnitude as values reported by Baur 
e t al_ (1975) fo r  v iab le  preparations, prepared by the perfusion  
method, o f between 5 and 6 nmoles 02 consumed/min/mg protein  a t 25°C. 
I t  should be noted th a t even c e lls  w ith very poor v ia b i l i t y  may show 
some oxygen consumption. For example Baur e t  al_ (1975) also 
reported th a t fre sh ly  iso la ted  but fractu red  hepatocytes w ith a 
v ia b i l i t y  o f about 5% according to trypan blue exclusion showed a 
ra te  o f oxygen consumption which was about 55% of control values.
Freshly iso la ted  hepatocytes m aintain the a b i l i t y  to metabolise 
exogenous substrates w ithout the add ition  o f unnatura lly  high 
leve ls  of exogenous cofactors. They d i f f e r  in  th is  respect from 
microsomal preparations. The demonstration in  th is  report o f ac tive  
0-deethylation  of 7-ethoxycoumarin to 7-hydroxycoumarin follow ed by 
conjugation to the phenolic sulphate and glucuronide m etabolites  
without the add ition  o f cofactors confirms th is  metabolic property.
Figure 2 : Scattergram comparing the v ia b i l i t y  o f fresh ly  prepared 
iso la ted  ra t  hepatocytes and th e ir  capacity to synthesize 
protein
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Figure 3 : Scattergram comparing the y ie ld  o f fresh ly  prepared ra t
hepatocytes and th e ir  capacity to synthesize protein
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The level o f ATP in fre sh ly  iso la ted  ra t  hepatocytes was found to be
C
16.25 i  1 .42nmoles/10 c e lls .  This value is  s im ila r  to those reported  
by Baur e t al (1975) o f between 15 and 16nmole/mg protein  but 
s u b s ta n tia lly  less than those reported by H ira ta  e t al (1977) o f greater  
than 40nmole/10 c e lls .  Both these groups used Sprague Dawley rats  o f  
a s im ila r  age (200-300g) and iso la ted  hepatocytes by the perfusion  
method. W istar albino rats  o f 60-1OOg were used here. Baur e t  a l , 
however,incubated c e lls  in  balanced s a lt  solution a f te r  slow perfusion  
whereas H ira ta  e t al_ used a cu ltu re  medium supplemented w ith serum a f te r  
a rapid perfusion which may have accounted fo r  the d ifferences reported  
since the c e llu la r  leve ls  o f ATP may be reduced very ra p id ly .
6Basal c y c lic  AMP leve ls  were o f the order o f 2 .3pmole/10 c e lls .  L i t t l e  
can be concluded from th is  re s u lt compared w ith the find ings o f other 
workers. Values reported in  the l i te r a tu r e  include: 0.41 ± 0.05pmole/
mg wet weight o f l iv e r  (Garrison and Haynes, 1973), 0.45pmole/mg l iv e r  
(P ilk is  e t  a l , 1975), 2.03pmole/mg protein  (Moxley and A lle n , 1975).
Rat hepatocytes iso la ted  by the method used here also have the a b i l i t y  
to synthesize RNA demonstrated by the incorporation o f [ ^ c ]  -U r id in e . 
Unlike the incorporation o f [^C _ -Leucine which was completely l in e a r  
over one hour the ra te  o f incorporation o f [^ c ]  -U rid in e  was s lig h t ly  
less over the f i r s t  30 minutes o f incubation but then increased and 
was lin e a r  fo r  the fo llow ing 60 minutes. Baur e t  aj_ (1975) reported  
a lin e a r  incorporation o f [  c] -U rid in e  w ith time although his 
resu lts  also suggest a s lig h t lag phase w ith in  the f i r s t  10 to  15 
minutes.
The g lutath ione leve ls  in  iso la ted  ra t  hepatocytes were investigated  
in more d e ta il since the level o f th is  tr ip e p tid e  in the l iv e r  is  
in tim a te ly  associated w ith protection o f hepatocytes from the p o ten tia l 
to x ic ity  o f a number o f xenobiotics.
In two experiments the concentration o f g lutath ione in  the whole 
l iv e r  was estimated a t the same time as th a t in  hepatocytes iso la te d  
from the same r a t .  In both of these experiments the leve ls  w ith in  
the fresh ly  iso la ted  hepatocytes o f 1.08 and 0.78mg/g l iv e r  were
s ig n if ic a n tly  lower than those in the o rig in a l tiss u e , o f 1 . 6  arid 
1.19mg/g l iv e r  resp e c tive ly , from which they were derived (Table 2 ). 
However a f te r  incubation in  complete medium the levels  o f g lutath ione  
rose to above those in  the o rig in a l tissue w ith in  one hour o f incubation  
a t 37°C hence demonstrating a 'rebound1 e f fe c t .
Table 2 : Comparison o f the leve ls  o f g lutath ione in whole l iv e r
and iso la ted  ra t  hepatocytes
Glutathione Levels
Preparation Expt. 1 Expt. 2
mg/g l iv e r /Amole/g l iv e r mg/g l iv e r jxmole/g l iv e r
Whole
l iv e r
homogenate
1 . 6 5.3 1.19 3.9
Freshly
iso la ted
hepatocytes
1.08 3.3 - 0.78 2 . 6
Hepatocytes 
a f te r  1 hrs 
incubation
1.74 5 .8 1.35 4 .5
Hogberg e t  al_ (1977) reported g lutath ione leve ls  o f 6 .1 /xm ole /g  l iv e r  
(1.84mg/g l iv e r )  and Vina e t  aj_ (1978) 5.3>i.mole/g l iv e r  (1.6mg/g l iv e r )  
in whole l iv e r  preparations.
The values obtained fo r  the leve ls  o f g lutath ione in Table 2 again 
ind icate  some v a r ia b i l i t y  between animals. The leve l o f g lu tath ione  
is a ffected  by the d ie ta ry  status o f animals (McLean and Day, 1975), 
i t  also shows a marked diurnal v a ria tio n  (Isaacs and B inkley, 1977) 
w ith the leve l a t 6 am being about twice th a t a t 6 pm.
The values obtained fo r  g lutath ione in fre sh ly  iso la ted  hepatocytes 
were 7.52 ± 1 .1 2 /xg /lO ^ce lls  which compare well w ith those obtained  
by Thor e t  al_ (1978) and Hogberg e t a\_ (1977) o f about 1 0 .1 3 /Jig/10^ 
c e lls .  Hogberg ejt aj_ (1977) -found th a t by using a more rapid  
perfusion technique the g lutath ione leve ls  obtained in the fre s h ly  
iso la ted  hepatocytes were higher (13 .5  jJig/10 c e l ls ) .
The resu lts  obtained fo r  the preparations of ra t  hepatocytes used 
here ind ica te  th a t incubation in complete medium fa c i l i ta te s  the 
rapid resynthesis o f g lu ta th ione . This is  in agreement with the 
findings o f the Karolinska group but a t variance with the find ings o f 
Vina e t a^ (1978). These varia tio n s  in  the g lutath ione leve ls  reported  
by d if fe re n t  groups may be an in d ica tio n  o f possible d ifferences in  
v ia b i l i t y  ch a ra c te ris tics  o f hepatocytes prepared by d if fe re n t  
methods but are more l ik e ly  a re f le c tio n  o f the varia tio n s  in  the 
incubation media used. The L I5 medium used throughout the studies  
reported here contains s u ff ic ie n t  amounts o f the amino acids, 
cysteine (120mg/l) and methionine (75m g/l),w hich are u t il is e d  by the 
c e ll to resynthesize g lu ta th ione . The Karolinska group also used 
cu ltu re  medium containing amino acids whereas Vina e t al_ used Krebs- 
H eins let b u ffe r which had to be supplemented w ith methionine or 
homocysteine to ju s t  maintain the leve ls  o f g lutath ione during 
incubations. Krebs-Heinslet b u ffe r therefore  may not provide a 
su itab le  in tra c e llu la r  environment fo r  the synthesis o f g lu ta th io n e .
The resu lts  discussed here suggest th a t the q u a lity  o f the iso la te d  
hepatocytes prepared by the s lic in g  method o f Fry e t a]_ (1976) does 
not d i f f e r  markedly from th a t o f hepatocytes prepared by perfusion  
o f in ta c t l iv e r .  They appear to carry out a number o f functions  
which occur in  vivo but w ithout the add ition  o f exogenous cofactors . 
There is  however some v a r ia b i l i t y  between ind iv idu al preparations  
of hepatocytes in  terms o f th e ir  y ie ld  and v ia b i l i t y  c h a ra c te ris tic s  
which may re f le c t  the status of the animal from which they are 
derived and serves to emphasise th a t there is  a considerable v a ria tio n  
between d iffe re n t  animals o f the same species. T h is -v a ria tio n  may be 
affected  by age, d ie t ,  environmental conditions which may also cause 
stress e ffe c ts  and the time o f day the animals are k i l le d .  For the
experiments reported here these variab les were standardised as fa r  
as possible in  th a t animals o f s im ila r  ages were used throughout, 
they were fed a standard laboratory d ie t  and were usually s a c rific e d  
between 9am and 11am in  the morning. The time th a t the animals had 
to acclim atise to the environment w ith in  the housing f a c i l i t i e s  used 
however was variab le  and stress factors  may also have varied . I t  
should be possible to standardise most variab les w ith in  one laboratory  
but between laboratory comparisons may be hindered however by the 
involvement o f d if fe re n t  variab les .
5 .2  ISOLATED RAT HEPATOCYTES IN PRIMARY MAINTENANCE CULTURE
5.2 .1  The properties o f cultures compared to suspensions o f iso la ted
hepatocytes
Suspensions o f iso la ted  ra t  hepatocytes can normally only be used fo r  
short term experiments o f a few hours. A fte r th is  time the v ia b i l i t y  
o f the hepatocytes is reduced to below leve ls  a t which the c e lls  are 
l ik e ly  to function as they would under normal physiological conditions  
in v iv o .
The incubation method used here was to place one ml volumes o f c e ll 
suspension in to  10ml glass conical flasks  in a shaking incubator. As 
the incubation time increased not only did the v ia b i l i t y  o f untreated  
c e lls  tend to decrease but the c e lls  also tended to aggregate in  
clumps and attach to the sides o f the f la s k , predominantly around the 
meniscus of the incubating medium. This lo c a lis a tio n  probably 
contributes to the reductions in v ia b i l i t y  since the hepatocytes 
would not be homogeneously dispersed w ith in  the medium hence the 
a v a ila b i l i t y  o f essential nu trien ts  from the medium would be hindered 
and oxygen supply no longer consistent w ith c e lls  in the centre o f  
clumps possibly being starved o f oxygen. This became a serious 
problem fo r  incubations o f g reater than three hours.
A lte rn a tiv e  incubation techniques have been used by other research  
groups which may enable longer incubations. For example the Karolinska 
group (see Moldeus, 1978) incubate hepatocyte suspensions in  round
bottomed flasks which are con tinua lly  ro ta ted . This fa c to r may 
contribute to the fa c t  th a t they claim to achieve longer incubation  
tim es. Other factors which may a ffe c t  the v ia b i l i t y  o f the 
hepatocytes over long periods may be the is o la tio n  procedure i t s e l f .
I f  th is  is  carried  out under s te r i le  conditions a suspension cu ltu re  
may be achieved. Subtle d ifferences in  the supplements added to 
culture  media, whose ro le  is  as y e t u n id e n tifie d , may ass is t in  
m aintaining v ia b i l i t y  o f suspensions. Furthermore, d ifferences in  
the apparatus such as the q u a lity  o f the glass used may a f fe c t  the 
ch a ra c te ris tics  o f a hepatocyte suspension.
The c h a ra c te ris tic  property o f reaggregating and attaching to 
surfaces l ik e  glass has been u t il is e d  in  developing techniques fo r  
cu ltu rin g  hepatocytes. I f  hepatocytes, iso la ted  under aseptic  
conditions, are innoculated in to  cu ltu re  f la s k s , e .g . p la s tic  
f la s k s , or glass treated  with collagen, they w il l  attach to the surface  
o f the f la s k . They w il l  then tend to reaggregate as i f  to  regain the 
configuration o f the tissue from which they were derived. With time 
they f la t te n  and spread to form a confluent monolayer. I t  takes 
about 24-48 hours fo r a cu lture  to achieve a confluent monolayer i f . . 
the non-viable detached c e lls  are removed a t in te rv a ls  and the 
cu ltu re  medium replaced thereby removing any to x ic  ly t ic  enzymes 
and other m atter. E p ith e lia l hepatocytes w il l  not d iv ide to any 
s ig n ific a n t extent in  such primary cultures but n o n -e p ith e lia l 
fib ro b las ts  w i l l .  A fte r  about 5 days in  cu ltu re  fib ro b la s ts  usually  
begin to predominate. I t  therefore  follows th a t primary maintenance 
cultures o f ra t  hepatocytes may be used to in vestigate  the e ffe c ts  
of chemicals fo r  up to 3 to 5 days which is  a marked improvement over 
hepatocyte suspensions.
This property o f cultures was considered to be p o te n tia lly  useful 
fo r  in ves tig a tin g  the longer term e ffe c ts  o f paracetamol on r a t  l iv e r  
in v i t r o . I t  has been w ell reported (see Chapter 1) th a t an acute 
overdose o f paracetamol causes l iv e r  damage in the ra t  in  v iv o . The 
onset o f th is  l iv e r  damage however is  not apparent fo r  some hours 
a f te r  the adm inistration o f the to x ic  dose. I t  was therefo re  considered 
re levant to u t i l is e  cultures to in vestigate  in p a rt ic u la r  the e ffe c ts
o f a large dose o f paracetamol (40mM) on hepatocytes over a 48 hour 
period a f te r  exposure to paracetamol fo r  between 2 and 8 hours. In 
the experiments carried  out i t  became apparent th a t treatm ent w ith  
40mM paracetamol fo r  more than 4 hours could cause ir re v e rs ib le  
in h ib it io n  o f protein  synthesis c e ll damage and.death, whereas a 
shorter exposure time led to reve rs ib le  e ffe c ts  on protein  synthesis.
The e ffe c ts  o f 2mM phenobarbitone on protein  synthesis were also  
found to be reve rs ib le  a f te r  up to 8  hours o f exposure to  cu ltured  
hepatocytes w ith no evidence o f c e ll damage when compared to control 
cultures in terms o f c e ll attachment.
5 .2 .2  Mixed function oxidase a c t iv ity  in  primary maintenance 
cultures o f ad u lt ra t  hepatocytes
Suspensions o f iso la ted  ra t  hepatocytes have been demonstrated to  
have the a b i l i t y  to metabolise foreign compounds whose metabolism 
is  mediated by the microsomal monooxygenase enzyme system. Primary 
monolayer cultures o f ra t  hepatocytes have been reported to lose much 
o f th is  a c t iv ity  however during the f i r s t  twelve hours o f cu ltu re  
(see Chapter 2 ) .  Guzelian and Barwick (1979) reported th a t supplementing 
culture  medium with cycloheximide maintained the level o f cytochrome 
P-450 in primary maintenance cu ltu res . Two experiments were carried  
out here in order to te s t the find ings o f Guzelian and Barwick and 
furthermore to ind icate  whether the cu ltu re  system used here would 
metabolise foreign compounds v ia  the microsomal monooxygenase 
pathways. In our study cytochrome P-450 leve ls  were not measured, 
instead the a c t iv ity  o f the microsomal enzyme ethoxycoumarin 0 -deethylase  
was assessed.
In the f i r s t  o f these experiments cultures were maintained on a 
substration o f collagen whereas in  the second no collagen was used.
The presence o f collagen did not appear to s ig n if ic a n tly  a f fe c t  
the attachment o f the c e lls  to the p la s tic  cu ltu re  surface. The 
morphological appearance o f the untreated control cu ltu res , however, 
appeared to d e te rio ra te  more rap id ly  in  the presence o f collagen which 
is  why i t  was omitted in  the.second experiment.
-5In  both experiments treatm ent o f cultures with 10 M cycloheximide 
which in h ib ite d  protein  synthesis by > 95% was markedly tox ic  
causing a rapid decrease in the number o f c e lls  attached to the 
monolayer over the f i r s t  24 hours. Treatment w ith cycloheximide (10”^M) 
which in h ib ite d  protein synthesis by about 50% did not cause 
s ig n if ic a n t ly  d if fe re n t  leve ls  o f c e ll attachment compared to control 
cu ltu res . The numbers o f c e lls  attached f e l l  by about 60% during 
the three days o f cu ltu re  in  both the control and cycloheximide 
(10’ ^M) trea ted  cu ltu res .
7-Ethoxycoumarin 0-deethylase a c t iv ity  was present in both experiments 
although there was a marked d iffe rence  in  the leve ls  o f a c t iv ity  with  
about a 6 - fo ld  greater a c t iv ity  in the second experiment. I t  is  
u n lik e ly  th a t the absence o f collagen would have contributed to th is  
d iffe rence  in a c t iv ity .  I t  is  more l ik e ly  th a t the animals had 
th e ir  mixed function oxidase a c t iv ity  induced p rio r to the is o la tio n  
o f the hepatocytes fo r  the second experiment. In both experiments 
the level o f a c t iv ity  o f 7-ethoxycoumarin 0-deethylase in the c
controls doubled between days one and two to about 20 and 120nmoles/ 1 0  
n u c le i/4  hr which would not support the generally  accepted fin d in g  
th a t the leve ls  o f microsomal monooxygenase a c t iv ity  are reduced 
in cu ltu res . By day 3 the levels  o f a c t iv ity  were reduced.
The find ings from the two experiments fo r  the e f fe c t  o f 10’ M^ 
cycloheximide were not consistent. In the f i r s t  experiment the 
level o f a c t iv ity  o f 7-ethoxycoumarin 0-deethylase a c t iv ity  was 
doubled by the presence o f cycloheximide on day 1 followed by a lin e a r  
f a l l  o f f  during days 2 and 3 in cu ltu re . In the second experiment, 
however, the a c t iv ity  on day 1 was 20% less than in the control 
cu ltu res . The a c t iv ity  increased on day 2 but not to the same exten t 
as in the contro ls . By day 3 the a c t iv ity  had fa lle n  again but was 
s t i l l  less than th a t o f contro ls .
Since the resu lts  o f these two experiments were variab le  l i t t l e  may 
be concluded in re la tio n  to the experiments o f Guzelian and Barwick 
(1979). I t  may be suggested however th a t the ch a ra c te ris tic s  of the 
cultures used here were d iffe re n t  to those o f Guzelian and Barwick
and other groups who have reported a marked loss o f cytochrome P-450 
when hepatocytes are cu ltured . The level o f a c t iv ity  o f the microsomal 
monooxygenase enzymes o f the cultures used here was not very 
d iffe re n t  to the leve ls  seen in suspensions o f hepatocytes. Further­
more the a c t iv ity  rose during cu ltu re  which may be due to the 
presence o f an inducing agent in the fo e ta l c a lf  serum. I t  therefore  
appears to be unnecessary to supplement the medium with an unnatural 
physiological add itive  l ik e  cycloheximide to maintain the le v e ls .
In fa c t the resu lts  obtained w ith cycloheximide here do not tend to 
support the resu lts  o f Guzelian and Barwick. I t  may be th a t cyclo­
heximide is only e ffe c tiv e  a t m aintaining leve ls  o f cytochrome P-450 
in c e lls  o f poor q u a lity .
5 .2 .3  Comparison o f the inducing c a p a b ilit ie s  o f some barb itu rates  
The experiments carried  out w ith cycloheximide ind icate  th a t the 
primary maintenance cultures o f ra t  hepatocytes used here contain an 
active  microsomal monooxygenase system involving cytochrome P-450.
In i n i t i a l  cultures the levels  o f mixed function oxidase a c t iv ity  
were re la t iv e ly  low, although not very d if fe re n t  to those o f suspensions, 
but increased in  controls during the f i r s t  two days in  c u ltu re . I t  has 
been demonstrated th a t phenobarbitone can induce the microsomal 
monooxygenase system in these cultures (Fry e t  al_, 1980); benzanthracine 
also induced microsomal monooxygenase a c t iv ity  and the e ffe c ts  o f  
the two inducers were ad d itive  in d ic a tiv e  o f the fa c t  th a t two types 
of haemoprotein were induced.
The b arb itu ra te  class o f drugs contains a number o f compounds w ith  
d iffe r in g  duration o f action and physicochemical p roperties . The 
a c t iv ity  o f the microsomal monooxygenase system, as re fle c te d  by the 
a c t iv ity  o f 7-ethoxycoumarin 0-deethylase, was used to compare the 
inducing capacities o f four d if fe re n t  b a rb itu ra te s .
Phenobarbitone, the c lass ic  b arb itu ra te  inducer, is  a l ip id  soluble  
long acting b arb itu ra te  with a r e la t iv e ly  long in  vivo h a lf  l i f e .
Amylobarbitone is  an interm ediate acting and quinalbarbitone a short 
acting b a rb itu ra te . Thiopentone is  a h ighly l ip id  so lu b le , very short
acting b arb itu ra te  which is used as an anaesthetic. The structures  
fo r  these barb iturates are given in  Figure 4.
P rio r to in ves tig a tin g  the inducing c a p a b ilit ie s  of these four 
barb itu rates th e ir  po ten tia l to x ic ity  was investigated  in  cultures  
by monitoring the e ffe c ts  o f various concentrations o f each on the 
number o f c e ll nuclei attached to the surface o f cu ltu res . Pheno­
barbitone was found to be the le a s t to x ic  o f the four b a rb itu ra te s .
Once the approximate to x ic  leve ls  o f the barb iturates had been 
id e n t if ie d  concentrations o f each were selected fo r  the e ffe c ts  on 
the a c t iv ity  o f 7-ethoxycoumarin 0-deethylase w ith the aim of 
id e n tify in g  the leve ls  which would achieve a maximal induction o f 
a c t iv ity  with minimal to x ic ity  over a two day cu lture  period. These 
concentrations were id e n tif ie d  as ImM, O.lmM, O.lmM and 0.2mM fo r  
phenobarbitone, amylobarbitone, quinalbarbitone and thiopentone 
resp ective ly . The p ro f ile  o f induction fo r  these four barb iturates  
was then investigated over a seven day period measuring the a c t iv ity  
o f 7-ethoxycoumarin 0-deethylase on days 1, 2 , 3 and 4 , and in some 
cases day 7 (day 1 was 24 hours a f te r  the flasks were innoculated  
with hepatocytes).
Phenobarbitone was found to be the most e ffe c tiv e  inducer in  th is  
system. Of the four barb iturates studied phenobarbitone is  the 
le a s t l ip id  soluble and is  metabolised and elim inated from the c e ll  
more slow ly. I t  is  o f in te re s t th a t Pelkonen and Karki (1973) found 
an inverse re la tio n sh ip  in vivo between l ip id  s o lu b ili ty  and enzyme 
induction fo r  the b arb itu ra tes .
The p ro files  o f induction fo r  amylobarbitone and quinalbarbitone were 
s im ila r  in th a t there was a marked increase in  the a c t iv i ty  o f 7- 
ethoxycoumarin during the f i r s t  24 hours o f exposure which then 
remained constant or f e l l  s l ig h t ly .  Both were fa r  less e ffe c tiv e  
than phenobarbitone which may be explained by the fa c t  th a t they are 
both more l ip id  soluble and also- more rap id ly  metabolised by the l iv e r .  
There is  however a marked d iffe rence  between the structures o f these 
two b arb itu ra tes . Quinalbarbitone contains an a l ly l  side chain , not 
present in  any o f the other barb iturates studied here, which may 
p o te n tia lly  be metabolised to an ac tive  m etabo lite , possibly an a l ly l i c
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epoxide which could lead to the destruction o f cytochrome P-450. The 
fa c t th a t the a c t iv ity  o f 7-ethoxycoumarin 0-deethylase was s t i l l  
r e la t iv e ly  high a f te r  6 days o f treatm ent w ith quinalbarbitone  
may suggest th a t another haemoprotein is  induced or th a t a lim ite d  
amount o f the a l ly l  epoxide m etabolite is  formed resu ltin g  in less 
damage to cytochrome P-450.
Thiopentone, although highly l ip id  so lub le , did cause an induction  
o f  7-ethoxycoumarin 0-deethylase a c t iv ity  but th is  e f fe c t  was delayed. 
A fte r three days the induction by thiopentone was qu ite  marked.
This delayed e f fe c t  suggests th a t thiopentone i t s e l f  was not responsible  
fo r  the inducing a c t iv ity  since i t  is  metabolised very ra p id ly  by 
the l iv e r .  One o f i ts  m etabolites however is  pentobarbitone and th is  
or another m etabolite may be responsible fo r  the e f fe c t  o f thiopentone 
on the delayed increase in  a c t iv ity  o f the microsomal monooxygenase 
system. The ea rly  lag may be re la te d  to the production o f ac tive  
sulphur (S ')  from thiopentone which would be to x ic  to haemoproteins.
I t  may be concluded from these prelim inary investigations th a t the 
mixed function oxidase system may be induced in  primary maintenance 
cultures o f adu lt ra t  hepatocytes and th is  may prove to be a useful 
property fo r  in ves tig a tin g  the mechanisms o f to x ic ity  o f other fo re ign  
compounds to the l iv e r  in v i t r o . Th is , however, may be dependent on 
the nature o f haemoprotein induced (Fry eit aj_, 1980) and whether th is  
is  s im ila r  to the in  vivo response o f the l iv e r .  Further in vestig a tio n s  
would be required to c la r i fy  th is .
5 .2 .4  The app lication  o f q u a n tita tiv e  cytochemistry to primary cu ltures  
During the la s t  few years much work has been dedicated to improving 
techniques fo r  the histochemical and cytochemical analysis o f enzymes 
in tissues. There are numerous advantages to being able to id e n t ify  
the c e ll types o f a tissue where a p a r t ic u la r  enzyme is  located and to 
quantify  the amounts o f enzyme in s itu  ra th er than use disrupted tissues  
and hence only being able to determine o vera ll enzyme a c t iv i t ie s .
The id e n tif ic a t io n  o f tissue s ta b ilis e rs  which are chemically  
in e r t  (Altman, 1980) has enabled the measurement o f enzymes w ith in  
unfixed tissue sections w ithout loss o f enzyme from i ts  ac tive  s ite  
in the tissue or loss in  i ts  a c t iv ity .
Primary cultures o f ra t  hepatocytes can be maintained on collagen  
coated glass covers!ips in Leighton tubes. The re s u lta n t c e ll 
monolayer can be treated  l ik e  an unfixed tissue section and therefore  
provides a su itab le  system fo r in vestig a tin g  cytochemistry in an 
in v itro  s itu a tio n . Methods have been developed fo r the cytochemical 
id e n tif ic a t io n  o f a number o f dehydrogenase enzymes (Chayen e t  al_, 1973). 
The dehydrogenases oxidise th e ir  substrates by removing hydrogen and 
passing i t  to a su itab le  acceptor. Tetrazolium  sa lts  have been id e n t if ie d  
as su itab le  acceptors which when reduced y ie ld  a coloured p re c ip ita te  
o f th e ir  corresponding formazan. This reaction  can be speeded up by 
the add ition o f a powerful hydrogen acceptor phenazine methosulphate 
which rap id ly  takes hydrogen from the donar and passes i t  to the 
te trazo lium  acceptor.
The e ffe c ts  o f exogenous chemicals on the a c t iv ity  o f three dehydrogenases 
were investigated : succinate dehydrogenase (SDH), glucose 6 -phospate
dehydrogenase ( 6 6 PDH) and NADPH2 diaphorase.
SDH is  a mitochondrial marker enzyme which plays an essentia l ro le  in  
the tr ic a rb o x y lic  acid cycle during the oxidation o f succinate to  
fumarate. The hydrogen y ie lded  from th is  reaction is  normally u t i l is e d  
in the e lectron transport chain. The use o f phenazine methosulphate 
w il l  short c ir c u it  the e lectron transport chain as a strong hydrogen 
acceptor.
66PDH is  a cytoplasmic enzyme involved in  the pentose phosphate 
pathway which is  a major pathway involved in the oxidation  o f glucose.
This p a rtic u la r  pathway produces pentose sugars which may be used to  
produce ribose and deoxyribose fo r th e ir  corresponding nucleic acids.
G6 PDH requires NADP as a coenzyme and is  therefore  a major source o f 
NADPH. This is o f considerable importance in  a number o f essentia l 
metabolic reactions including the synthesis o f steroids and f a t t y  acids
and in the hydroxylation o f many l ip id  soluble compounds by 
cytochrome P-450.
NADPH2 diaphorase is  a marker enzyme fo r  the endoplasmic re ticu lum , 
or more s p e c if ic a lly  fo r  the microsomal resp ira to ry  system, which 
passes hydrogen from NADPH2 to react w ith atmospheric oxygen by means 
o f cytochrome P-450. I ts  true physiological ro le  remains co n tro ve rs ia l. 
I t  may be equivalent to cytochrome P-450 reductase.
The a c t iv it ie s  o f these three enzymes were q u an tified  in  cu ltured  
hepatocytes using a Vickers scanning and in teg ra tin g  microdensitometer 
to measure the absorbance o f the p re c ip ita te d  formazan produced by the 
appropriate enzyme reactions in the presence o f  phenazine methosulphate, 
tissue s ta b ilis e r  (PVA) and necessary cofactors.
Carbon te tra c h lo rid e  a very w idely used model hepatotoxin was found 
to cause dose dependent reductions in c e ll number attached to c u ltu res , 
in h ib it io n  o f protein  synthesis and increases in GOT leakage. I t  also  
caused dose re la ted  decreases in the a c t iv ity  o f G6PDH a f te r  two and 
s ix  hours o f incubation, 1 0 , 0 0 0ppm causing a rapid f a l l  in a c t iv ity  
w ith in  two hours such th a t i t  was not detectable a t  2 or 6 hours.
SDH a c t iv ity  was decreased by lOOOppm carbon te tra c h lo rid e  by 20% 
w ith in  two hours remaining a t th is  leve l a f te r  s ix  hours. At the 
higher concentration o f 1 0 , 0 00ppm however there was a continued f a l l  
in  the a c t iv ity  o f SDH between two and s ix  hours to about 10% o f 
the control a c t iv ity .  The a c t iv ity  o f NADPH2 diaphorase, however, 
showed a biphasic response to exposure to carbon te tra c h lo rid e .
At high concentrations (5,000 and 10,000ppm) i ts  a c t iv ity  was reduced.
At lower concentrations (1000 and 500ppm) however the a c t iv ity  o f  
NADPH2 diaphorase was increased. This increase in  a c t iv ity  over 
controls was maintained fo r  24 hours although the peak a c t iv ity  was 
seen a t 8  hours. The reductions in  enzyme a c t iv ity  could be due to  
in h ib it io n  or damage to the enzyme. G6 PDH is  a cytoplasmic enzyme 
which may explain why the e ffe c ts  o f carbon te tra c h lo rid e  were more 
marked on th is  enzyme since th is  enzyme would be more re a d ily  lo s t  
through damaged plasma membranes and also more accessib le. An attempt
was made to determine whether the increase in NADPH2 diaphorase 
a c t iv ity  was due to induction or a c tiv a tio n  by incubating in  the 
presence o f cycloheximide. This experiment was not however successful 
and fu rth e r  in vestig a tio n  would be needed to id e n tify  the mechanism 
by which th is  increase in  a c t iv ity  occurs.
The resu lts  obtained fo r  lOmM paracetamol were very s im ila r  to those 
obtained fo r  lOOOppm carbon te tra c h lo rid e . A fte r s ix  hours of 
incubation there were s lig h t  reductions in  c e ll number and s lig h t  
increases in GOT leakage w ith a 40% in h ib it io n  o f p ro te in  synthesis. 
Although the a c t iv it ie s  of SDH and G6 PDH were reduced the a c t iv ity  o f 
NADPH2 diaphorase increased in a l in e a r  manner over 6 hours to about 
2 00% o f the control le v e l.
Phenobarbitone (2mM) on the other hand produced increases in  a l l  three  
dehydrogenases. This e f fe c t  was more marked and prolonged on the 
a c t iv it ie s  .of NADPH2 diaphorase and G6 PDH with the e f fe c t  tending to  
increase over a 30 hour period. For SDH the e f fe c t  o f phenobarbitone 
was more marked w ith in  the f i r s t  two hours of exposure. The e f fe c t  of 
phenobarbitone on the hepatocytes is  therefore  d if fe re n t  to th a t o f  
paracetamol.
5 .3  THE EFFECTS OF XEN0BI0TICS ON THE VIABILITY CHARACTERISTICS OF 
ISOLATED HEPATOCYTES
5.3 .1  Paracetamol
The main compound whose to x ic  e ffe c ts  were investigated  in  the studies  
reported here was paracetamol. I t  is  known to cause h ep ato to x ic ity  
in animals and man when administered a t high doses, vas tly  in  excess 
o f therapeutic le v e ls . The s u s c e p tib ility  o f d if fe re n t  animal species 
to the hepatotoxic e ffe c ts  o f paracetamol is  however very va riab le  
(see Chapter 1 ).
Paracetamol was found to be r e la t iv e ly  non-toxic to iso la te d  ra t  
hepatocytes in  terms o f i ts  e f fe c t  on c e ll v ia b i l i t y  as measured by 
trypan blue exclusion or la c ta te  dehydrogenase release, parameters which 
are l ik e ly  to be ind icators o f ir re v e rs ib le  plasma membrane damage.
Incubations o f ra t  hepatocytes w ith paracetamol a t concentrations of 
up to 40mM fo r  one hour caused l i t t l e  change in  e ith e r  parameter 
when compared to those o f control incubations o f a s im ila r  duration . 
There was however some evidence to suggest th a t 40mM paracetamol did  
produce plasma membrane damage when the exposure time was increased  
to 90 minutes although th is  was not a consistent f in d in g .
From the above data i t  may therefore  be assumed th a t , fo r  the other 
e ffe c ts  investiga ted , the in te g r ity  o f the c e ll membrane was preserved 
a f te r  one hour o f incubation o f hepatocytes w ith concentrations o f  up 
to 40mM paracetamol. I t  is  therefore  o f in te re s t th a t paracetamol 
was found to cause dose dependent reductions in both [ ^ c ]  -Leucine 
and [ 14c] -U rid in e  incorporation . Protein synthesis was in h ib ite d  
by >75% w ith in  5 minutes o f exposure to high concentrations o f 
paracetamol (40mM). This concentration caused a maximal in h ib it io n  
throughout one hour o f incubation since the amount o f label incorporated  
in to  protein  was not increased a f te r  5 m inutes. I f  paracetamol (40mM) 
was removed from the hepatocytes a f te r  30 minutes o f incubation the 
hepatocytes began to synthesize p ro te in , a lb e it  a t  a slower ra te  than 
co n tro ls , in d ica tin g  th a t th is  e f fe c t  on protein  synthesis is  reve rs ib le  
i f  the exposure time is  r e la t iv e ly  short.
The incorporation o f [ ^ c ]  -U rid in e  was also maximally in h ib ite d  
(95%) by 40mM paracetamol, w ith a concentration o f about 5mM causing 
a 50% in h ib it io n  (compared to ^9mM fo r  50% in h ib it io n  o f pro tein  
synthesis ). The e ffe c ts  o f paracetamol a t e a rly  time points and on 
re v e rs ib i l i ty  were not investigated  fo r  th is  parameter.
As mentioned above in control hepatocytes g lutath ione was depleted  
during the is o la tio n  procedure but resynthesis began ra p id ly  fo llow ing  
incubation o f hepatocytes in complete medium. The add ition  o f 10 and 
20mM paracetamol in h ib ite d  the ra te  o f resynthesis by 77% and 67% 
respective ly  but only a t a concentration o f 40mM paracetamol was 
depletion o f the leve ls  o f g lutath ione to below the i n i t i a l  control 
leve ls  in ra t  hepatocytes observed. Evidence from pre lim inary  
experiments w ith paracetamol suggested th a t in h ib it io n  o f the ra te  o f
resynthesis o f g lutath ione occurred w ith in  5 minutes o f incubation.
I t  would therefore  appear th a t protein  synthesis and RNA synthesis 
are both in h ib ite d  by paracetamol with the e f fe c t  o f paracetamol 
on these two parameters being more marked than i ts  e ffe c ts  on c e llu la r  
glutath ione le v e ls . There also appears to be no d ire c t co rre la tio n  
between c e llu la r  g lutath ione leve ls  and the e f fe c t  o f paracetamol on 
the in h ib it io n  o f pro tein  synthesis. This is supported by the fa c t  
th a t i f  hepatocytes are preincubated fo r  one hour p r io r  to the 
addition o f paracetamol9 which allows the resynthesis o f g lu tath ione  
to physiological leve ls  or above, there was no marked d iffe ren ce  in  
the dose dependent in h ib it io n  o f protein  synthesis in r a t  hepatocytes.
I t  is o f in te re s t to note here th a t i t  has been suggested th a t  
glutath ione depletion per se may lead to l ip id  peroxidation (Anundi 
e t al_, 1979). This hypothesis is  fu rth e r supported by the re su lts  o f 
Younes and Siegers (1981). G lutath ione, together w ith g lutath ione  
peroxidase, provides a defence mechanism w ith in  the c e ll by removing 
hydrogen peroxide and hydroperoxides formed during l ip id  peroxidation  
as well as e le c tro p h ilic  interm ediates which may covalently  bind- to  
macromolecules or in i t ia t e  l ip id  peroxidation . G lutathione depletion  
in isolated.hepatocytes may lead to l ip id  peroxidation re s u ltin g  in  
c e ll death p r io r  to the a lk y la tio n  o f macromolecules expressing 
i t s e l f  as an important c e ll destructive mechanism. In the experiments 
carried  out by Anundi e t  £]_ (1979) paracetamol served as a p ro tec tive  
agent against l ip id  peroxidative attack which may be due t o . i t s  
a f f in i t y  fo r  the microsomal monooxygenase system and cytochrome P-450 
hence reducing l ip id  peroxide formation v ia  the metabolic a c tiv a tio n  
of other substrates. The in  vivo s ign ificance o f the p ro tec tive  action  
of paracetamol may only be s lig h t since i t  also depletes g lu tath ione  
and is  hepatotoxic,although competition fo r  cytochrome P-450 may lead  
to reductions in active  m etabolite production from both substrates.
More d eta iled  investigations in to  protein  metabolism ind icated  th a t  
paracetamol also caused in h ib it io n  o f both protein  degradation and 
protein  secretion . Furthermore the in h ib it io n  o f protein  synthesis 
and protein  secretion was not s p e c ific  to one major class o f p ro te in s , 
e .g . in tra c e llu la r  or export, but ra th er was a general in h ib it io n . The 
resu lts  from two experiments suggested th a t although synthesis was
in h ib ite d  a t a concentration o f 40mM paracetamol the uptake o f amino 
acids in to  the in tr a c e llu la r  amino acid pool was not. This la t t e r  
find ing  must however be trea ted  with some caution because subsequent 
in vestig a tio n  o f the method used fo r  these two experiments ind icated  
th a t the hepatocytes may have been contaminated with la b e lle d  amino 
acid since the quantity  o f in tr a c e llu la r  lab e lle d  amino acid counted 
fo r  both the treated  and controls was unexpectedly high (> 3 0 0 0  DPM/ 
mg c e llu la r  pro te in ) and any d ifferences would not have been seen.
Paracetamol was also found to cause a dose- and time-dependent 
decrease in the 0-deethylation  o f 7-ethoxycoumarin. When the e f fe c t  
o f d if fe re n t  concentrations o f paracetamol on the production o f the 
ind iv idual and conjugated m etabolites was investigated i t  was found 
to have a more marked e ffe c t  on sulphate conjugation than on glucuronic  
.acid conjugation. At 20mM paracetamol both conjugation reactions  
were in h ib ite d  markedly. At 40mM paracetamol there was minimal 
conjugation o f the m etabolites o f 7-ethoxycoumarin whereas the leve l 
o f free  7-hydroxycoumarin was increasing.
Paracetamol (40mM) caused a rapid decrease in c e l lu la r  ATP leve ls  
w ith in  two minutes o f exposure. I t  also in h ib ite d  endogenous 
resp ira tio n  in a dose dependent manner. In contrast paracetamol 
had l i t t l e  or no e f fe c t  on cyc lic  AMP le v e ls . '
F in a lly  incubation o f iso la ted  ra t  hepatocytes w ith paracetamol 
a t 20 and 40mM, spiked with [ ^ c ]  -paracetam ol, produced dose- 
dependent covalent binding o f paracetamol (31 .8  and 65.4nmole paracetam ol/ 
mg protein  respective ly ) or i ts  m etabolites to c e l lu la r  macromolecules 
w ith in  5 minutes o f incubation. The ra te  o f covalent binding tended 
to plateau a f te r  the in i t i a l  rapid phase.
Paracetamol has been shown to cause acute varia tio n s  in  a number o f 
ch a ra c te ris tics  o f ra t  hepatocytes which are not a ttr ib u ta b le  to 
leakage o f cofactors from the c e l l .  One of the e a r l ie s t  responses o f 
the c e lls  to exposure w ith high leve ls  o f paracetamol appears to  be 
a marked f a l l  in ATP. Marked reductions in endogenous re s p ira tio n  
and protein  synthesis also occur qu ite  ra p id ly . These changes occur 
p rio r to a marked depletion o f g lutath ione and are probably reve rs ib le
i f  exposure time is r e la t iv e ly  short. Exposure fo r  longer periods 
of time in primary cu ltu re  however leads to ir re v e rs ib le  plasma 
membrane damage and subsequent c e ll death.
A number o f recent studies have been carried  out using in v itro  
systems to investiga te  the metabolism and to x ic ity  o f paracetamol. 
Iso la ted  hepatocytes have been used by a number o f workers (Moldeus, 
1978; Moldeus e t  al_, 1980; Jollow , 1980; McLean, 1978) where 
hepatocytes from r a t ,  mouse or hamster have been investig a ted . The 
resu lts  o f Moldeus (1978) and McLean (1978) support our find ing  o f 
the r e la t iv e ly  low s u s c e p tib ility  o f iso la ted  ra t  hepatocytes to  
the hepatotoxic e ffe c ts  of paracetamol. Moldeus (1978) id e n t if ie d  
the formation o f glucuronic ac id , sulphate, g lutath ione and cysteine  
conjugates o f paracetamol by both the ra t  and mouse. His resu lts  
suggested th a t sulphation had a higher a f f in i t y  fo r paracetamol than 
glucuronidation whereas glucuronidation had a higher capacity . The 
level o f sulphate conjugate formed by mouse hepatocytes was lower 
than th a t seen in the ra t  whereas the formation o f the g lutath ione  
conjugate was fa s te r  in the mouse. His resu lts  also suggested th a t 
the-mouse was more susceptible to the hepatotoxic e ffe c ts  o f  
paracetamol.
In re la tio n  to varying s u s c e p tib ility  o f d if fe re n t  animal species 
some resu lts  were obtained here fo r  the hamster, a species which in  
vivo is  more susceptible to the to x ic  e f fe c t  o f paracetamol. Protein  
synthesis was in h ib ite d  in a dose-dependent manner by paracetamol.
The p ro f ile  o f th is  in h ib it io n  was however s lig h tly  d if fe re n t  to  
th a t observed in ra t  hepatocytes. The e f fe c t  o f lower concentrations 
was more marked w ith the ID^q being about 5mM paracetamol (9mM in  
ra t )  and ImM causing about a 35% in h ib it io n . Furthermore, an 
in te re s tin g  phenomenon was observed w ith the e ffe c ts  o f paracetamol 
on the in te g r ity  o f the plasma membrane o f hamster hepatocytes w ith  
low concentrations being consisten tly  more to x ic  than higher 
concentrations. This phenomenon may be p a r t ia l ly  explained by the 
resu lts  o f Jollow (1980) who found th a t increasing the concentration  
o f paracetamol led to a greater production o f glucuronic acid  
m etabolites than glutath ione conjugates. This may be regarded as
a p ro tective  mechanism since the a f f in i t y  o f paracetamol in the 
hamster is  greater fo r  the g lutath ione conjugation pathway and therefore  
a t low concentrations more active  m etabolite is  produced.
The resu lts  reported have demonstrated th a t ra t  hepatocytes can 
a c tiv e ly  metabolise exogenous substrates. Furthermore paracetamol 
caused dose dependent reductions in g lutath ione leve ls  and is  
covalently  bound to p ro te in . I t  may therefore  be assumed th a t  
paracetamol was metabolised by the system and a t high concentrations 
an ac tive  m etabolite was produced which formed a g lu tath ione conjugate.
As already discussed paracetamol caused dose dependent reductions 
in  the a c t iv ity  o f 7-ethoxycoumarin 0-deethylase and a t low 
concentrations i t  had a more marked e f fe c t  on the sulphate conjugation 
o f 7-hydroxycoumarin than on glucuronic acid conjugation. This 
could be due to the fa c t th a t there was competition fo r  av a ila b le  
active  sulphate or th a t paracetamol has a higher a f f in i t y  fo r  the 
sulphotransferase than 7-hydroxycoumarin. To p a rtic ip a te  in  sulphate 
conjugation c e llu la r  sulphate must f i r s t  be activated  to 3-phospho- 
adenosine 5'-phosphosulphate (PAPS) which requires two molecules o f 
ATP. Sulphate conjugation is  therefore  r e la t iv e ly  expensive in ATP 
and since paracetamol has a higher a f f in i t y  fo r  sulphation than 
glucuronidation (Moldeus, 1978) exposure o f hepatocytes to high 
levels  o f paracetamol may re s u lt in  a depletion o f c e l lu la r  ATP and 
sulphate. The resu lts  reported here would tend to support th is .
The formation o f glucuronic acid and g lutath ione conjugates also  
u t i l is e  ATP as an energy source, e ith e r  d ire c t ly  or in d ire c t ly .  As 
supplies o f ATP become lim itin g  the systems w ith the greater a f f in i t ie s  
fo r  ATP w il l  be spared a t the expense o f those systems w ith poorer 
a f f in i t ie s .  The enzymes catalysing the synthesis o f g lu tath ione have 
a higher a f f in i t y  fo r  ATP than those required fo r  the formation o f  
active  sulphate (PAPS) (Jones, 1981).
A therapeutic  dose o f 0 .6 -1 g o f paracetamol in man leads to a 
concentration o f l-2mM paracetamol in  the porta l plasma. The 
concentrations used in the experiments w ith iso la ted  hepatocytes 
o f up to 40mM paracetamol are therefore  very high. Exposure o f  
hepatocytes to paracetamol might be expected to lead to p r io r ity  
u t il is a t io n  o f ava ilab le  ATP to enable metabolic clearance o f  
paracetamol v ia  more water soluble m etabolites which can be excreted  
from the c e l l .  At high concentrations the sulphate and glucuronic  
acid pathways become saturated (Moldeus, 1978) hence the metabolism 
o f paracetamol v ia  the g lutath ione conjugation pathway mediated by 
the microsomal monooxygenase system w il l  become more ac tive  leading  
to a depletion o f c e llu la r  g lu ta th ione .
The f i r s t  stage o f protein  synthesis also requires ATP to e s te r ify  
ind iv idual amino acids to th e ir  corresponding tRNAs:
Amino acid + tRNA + ATP » ami noacyl-tRNA + AMP + PP^
A consequence o f depletion o f c e llu la r  ATP may well be an in h ib it io n  o f  
protein synthesis a t the a c tiva tio n  stage o f the tra n s la tio n  process. A 
fu rth e r consequence o f th is  may be a feedback in h ib it io n  of RNA synthesis 
since less would be required fo r  protein  synthesis.
Paracetamol w i l l  cause gross to x ic ity  to hepatocytes i f  the
concentration is  high enough and the exposure fo r  long.enough. P rio r
to the development o f serious c e ll damage paracetamol causes reductions  
in protein  synthesis, degradation and secretion , g lu ta th io n e , ATP, and 
basal re s p ira tio n . The e ffe c ts  o f a l l  xenobiotics however are not 
s im ila r  as has been seen w ith resu lts  fo r  phenobarbitone and sa fro le  
reported here. For example Gluud £ t  a]_ (1979) have shown th a t xanthine 
and some of i ts  derivatives  in h ib ite d  the synthesis o f proteins  
in iso la ted  r a t  hepatocytes a t the tra n s la tio n a l level in iso la te d  
ra t  hepatocytes with no e ffe c ts  on c e l lu la r  cy c lic  AMP, protein  
secretion , amino acid transport or degradation o f p ro te ins . Furthermore
Mattei e t al_ (1979) have shown th a t d ie th y l-  and dim ethylnitrosam ine  
in h ib it  p ro tein  synthesis in  iso la ted  ra t  hepatocytes w ith no e f fe c t  
on the energy status of the c e lls  and th a t th is  is  a reve rs ib le  
process. They suggest th a t the capacity fo r  these nitrosamine  
derivatives  to in h ib it  protein synthesis indicates th a t the hepatocytes
are capable o f m etabolising them to th e ir  ac tive  m etabolites  
medi ated by cytochrome P-450.
The N-hydroxylation o f paracetamol is  also mediated by cytochrome P-450 
w ith a requirement fo r  NADPH and oxygen. High concentrations of 
paracetamol w i l l  lead to saturation  o f the sulphate and glucuronic 
acid conjugation pathways resu ltin g  in  more being metabolised by 
cytochrome P-450 dependent pathways to ac tive  m etabolites. Paracetamol 
a t a concentration o f lOmM,which was shown to have n e g lig ib le  e ffe c ts  
on the plasma membrane o f iso la ted  hepatocytes but in h ib ite d  protein  
synthesis by about 50%was investigated  cytochem ically in cu ltu res .
I t  was found to cause s lig h t reductions in G6PDH a c t iv it ie s  (30% 
w ith in  6 hours) w ith more marked e ffe c ts  on SDH a c t iv it ie s  (reduced 
by about 60% w ith in  6 hours). The f a l l  in SDH a c t iv ity  is  in d ic a tiv e  
o f mitochondrial e ffe c ts  o f paracetamol which would cause a reduction  
in  the production o f ATP and a reduced oxygen consumption by the 
hepatocyte. The e f fe c t  o f lOmM paracetamol on diaphorase
however was a marked increase in  a c t iv ity  to about 200% o f the 
control value w ith in  6 hours.
This re s u lt may suggest th a t the response o f the c e ll to a p o te n tia lly  
tox ic  chemical is  to ac tiva te  the microsomal monooxygenase system 
to remove the in s u lt  more rap id ly  v ia  i t s  matabolism. This hypothesis 
is  fu rth e r  supported by the evidence obtained which ind icated  th a t  
low leve ls  o f paracetamol enhanced the ra te  o f protein  synthesis  
which could .provide the c e ll w ith an increased source o f enzymes and 
haemoproteins necessary to accommodate the increased a c t iv ity  o f the 
microcomal monooxygenase system or to re p a ir  damaged macromolecules. 
This red irec tio n  o f the c e lls  a c t iv ity  could re s u lt in  a compensatory 
slowing o f other anabolic and catabo lic  c e llu la r  processes. The 
reduction in ATP supplies, supported by the reduced m itochondrial 
a c t iv ity  o f the c e l l ,  w il l  in i t s e l f  lead to a slowing of p ro te in  
metabolism with reductions in protein  degradation as w ell as 
protein  synthesis.
The active  m etabolites produced by the microsomal monooxygenase system 
w il l  be inactivated  by conjugation w ith g lutath ione u n til the c e l lu la r
glutath ione is  reduced to a leve l where i t  cannot provide th is  
pro tective  action . This w il l  re s u lt in covalent binding o f active  
m etabolite to c e llu la r  macromolecules which may include p ro te in s , 
enzymes, RNA, DNA, l ip id s ,  and low molecular weight substances l ik e  
ATP and UDPG ( G i l le t te ,  1981). Covalent binding per se probably does 
not lead to c e ll death since the c e ll is usually able to re p a ir  the 
damage and degrade the covalently  bound products. A consequence o f 
chronic exposure to high leve ls  w il l  however lead to damage from 
which the c e ll cannot recover w ith resu ltan t c e ll death.
There may be other mechanisms d ire c t ly  or in d ire c tly  involved in the 
overa ll to x ic  response o f the c e ll to paracetamol including e ffe c ts
4H"on Ca f lu x  and l ip id  peroxidation. I t  is c le a r however th a t once the 
level o f chemical in s u lt  to the c e ll increases beyond a c r i t ic a l  
level (as y e t unknown) the compensatory mechanisms o f the ce ll'w h ic h  
can pro tect i t  from to x ic ity  may f a i l  to operate. Furthermore the 
to x ic  action o f paracetamol on the l iv e r  c e ll is  not a s ingle  
mechanism but a composite o f a number o f pathological changes which 
are s t i l l  not f u l ly  understood.
5 .3 .2  A n ilin e  analogues
A v a rie ty  o f s tru ctu ra l analogues o f a n ilin e  re la ted  to paracetamol, 
e .g . a n il in e , phenacetin and ac e ta n ilid e  were also investigated  fo r  
th e ir  e ffe c ts  on protein  synthesis in suspensions of iso la te d  ra t  
hepatocytes. They each caused a dose-dependent in h ib it io n  although 
the concentrations which caused a 50% in h ib it io n  ( ID^q) varied  
(Gwynn e t a]_, 1979).
Chemical ID5Q(mM)
Paracetamol 9
Phenacetin 3
A cetan ilide  . 6.5
A n ilin e  13.5
The metabolism o f these four compounds in vivo is  in te rre la te d  
(see Fig. 5 ) .  Phenacetin, ace ta n ilid e  and paracetamol a l l  have analgesic  
and a n tip y re tic  properties although the a c t iv it ie s  of phenacetin and 
ace ta n ilid e  are probably v ia  th e ir  metabolic conversion to paracetamol. 
The ta rg e t organ fo r  paracetamol to x ic ity  in vivo is the l iv e r  whereas 
fo r  phenacetin i t  is  p rim a rily  the kidney or blood causing renal 
necrosis, or methaemaglobimaemia also caused by a c e ta n ilid e . A ll four 
analogues, however, are hepatotoxic under the r ig h t experimental 
conditions. Investigations by Nelson et_ al_ (1981) on the metabolism 
o f phenacetin ind icated th a t phenacetin can be metabolised to both 
reac tive  a ry la tin g  and a lk y la tin g  agents by hamsters. Furthermore the 
m ultip le  pathways leading to reac tive  m etabolite formation from 
phenacetin are d if fe re n t  to those fo r  paracetamol.
The o u tlin e  in  Figure 5 suggests th a t paracetamol would have the 
greatest capacity fo r  ac tive  m etabolite production in the l iv e r  since 
fo r  the other three analogues more metabolic steps are required before  
active  m etabolite production becomes a major fa c to r . Active  
m etabolite formation from phenacetin in  vivo is  probably v ia  the kidney 
ra ther than by the l iv e r  which may also be the case fo r  a c e ta n ilid e  
and a n ilin e . I t  would therefore  appear th a t there is  no d ire c t  
co rre la tio n  between ac tive  m etabolite formation and the e f fe c t  o f  
compounds on l iv e r  pro tein  synthesis since phenacetin and a c e ta n ilid e  
are s lig h tly  more e f fe c tiv e  in h ib ito rs  than paracetamol. The 
in h ib it io n  o f pro tein  synthesis may be re la ted  to other e ffe c ts  o f  
the compounds on the mitochondria or in d ire c t  e ffe c ts  on c e l lu la r  
ATP le v e ls .
5 .3 .3  Safro le
S afro le  (4 -a lly l-l,2 -m ethy lened ioxybenzene) is  a n a tu ra lly  occurring  
substance which has been used as an a r t i f i c i a l  flavouring  agent in  
foods. I t  is  hepatotoxic (Crampton e t a l , 1977) and has also been
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found to be a weak hepatocarcinogen in rats and mice (Long £ t  aT_, 1963). 
These e ffe c ts  are considered to be due to the formation o f active  
m etabolites. One of the metabolic fa tes  of sa fro le  is  conversion in  
vivo to i ts  1-hydroxy analogue and excretion in  the urine as the 
O-glucuronide (Borchert e t  al_9 1973). The l ik e ly  a c tiv a tio n  pathway 
is  v ia  the formation o f 1-hydroxy s a fro le , mediated by cytochrome P-450, 
which is  then e s te r if ie d  to form an e le c tro p h ilic  reac tan t.
A c h a ra c te ris tic  property o f sa fro le  is  th a t i t  is  capable o f forming 
metabolic products which complex w ith cytochrome P-450. These t ig h t  
complexes (product-adduct complexes) which are id e n t if ia b le  spectro- 
photom etrica lly , e f fe c t iv e ly  decrease the c e l lu la r  content o f 
functional cytochrome P-450, thereby in h ib it in g  the metabolism of a 
number o f exogenous (and endogenous) substrates (Elcombe e t a\_9 1979; 
W erringloer and Estabrook, 1979).
Because i t  is  l ik e ly  th a t the h ep ato tox ic ity  o f s a fro le ,in  common w ith  
paracetamol, is  probably mediated v ia  metabolic a c tiv a tio n  i t  was 
considered appropriate to use sa fro le  as a model fo r  the in ves tig a tio n  
of the ea rly  to x ic  changes which can occur in  iso la ted  hepatocytes.
Q u a n tita tiv e ly  sa fro le  was more hepatotoxic to iso la ted  hepatocytes 
than paracetamol. At 0.1 and l.OmM there were n e g lig ib le  e ffe c ts  on 
trypan blue exclusion and LDH leakage w ith in  two and a h a lf  hours o f  
incubation but a t 5 and lOmM there was evidence w ith in  10 minutes 
of a rap id ly  induced plasma membrane damage. Protein .synthesis and 
RNA synthesis were also in h ib ite d . Since marked in h ib it io n  did  
not occur u n til the concentration o f s a fro le  was greater than ImM the 
observed reductions in  protein  and RNA synthesis may be d ire c t ly  
re la ted  to a reduction in c e ll v ia b i l i t y .  Experiments were not ca rried  
out to determine whether the e ffe c ts  o f sa fro le  on protein  synthesis  
in  iso la ted  hepatocytes were re v e rs ib le .
At a concentration o f ImM sa fro le  in h ib ite d  the resynthesis o f  
glu ta th ione . lOmM caused a marked depletion o f g lu tath ione,as w ell as 
causing a marked decrease in  ATP leve ls  (to  17% o f control values) 
w ith in  two minutes o f exposure. The ra te  o f endogenous re s p ira tio n
was not affected  however by ImM s a fro le . S a fro le  was not investigated  
a t higher concentrations fo r  i ts  e ffe c ts  on resp ira tio n  since under 
such conditions i t  was seen to cause rapid plasma membrane damage.
Unlike the s itu a tio n  w ith sa fro le  the concentration o f paracetamol 
which'caused a 50% in h ib it io n  o f protein  synthesis (^lOmM) was found 
to  cause decreases in  endogenous resp ira tio n  as w e ll. This may in d ic a te  
th a t there is  not an ob lig a to ry  co rre la tio n  between endogenous 
resp ira tio n  and prote in  synthesis in terms o f the to x ic  response by 
the l iv e r  c e l l .  Cyclic AMP leve ls  were also reduced by lOmM sa fro le  
however th is  e f fe c t  may simply r e f le c t  the plasma membrane damage 
caused by s a fro le .
The metabolism o f 7-ethoxycoumarin was in h ib ite d  in a dose-dependent 
manner. The pattern o f in h ib it io n  woujd suggest th a t once product- 
adduct formation w ith cytochrome P-450 was completed the leve l o f 
in h ib it io n  remained a t a steady s ta te . At a lOmM concentration o f 
sa fro le  the metabolism of 7-ethoxycoumarin was completely in h ib ite d  
which could be due to e ith e r  product-adduct formation w ith a l l  
ava ilab le  cytochrome P-450 or cofactor leakage due to plasma membrane 
damage. ■
This pattern  o f in h ib it io n  was d if fe re n t  to th a t seen fo r  paracetamol 
which does not form product-adduct complexes w ith cytochrome P-450.
The in h ib it io n  o f 7-ethoxycoumarin by paracetamol was .both dose- and 
time-dependent. The major water soluble m etabolite o f s a fro le  in  vivo  
is  the glucuronide therefore  the metabolism of s a fro le  has a low 
requirement fo r  ac tive  sulphate (PAPS). The marked dep letion  o f ATP 
by sa fro le  (lOmM) is  u n lik e ly  to be due to the increased formation Of 
PAPS but ra ther to plasma membrane damage.
The attempt to in vestigate  the e ffe c ts  o f sa fro le  (ImM) on pro te in  
synthesis in  cultured hepatocytes was la rg e ly  unsuccessful. S a fro le  
caused the rapid detachment o f hepatocytes from the cu ltu re  surface  
although i t  d id*not appear to im pair the v ia b i l i t y  o f these hepatocytes 
over one hour o f incubation. The to x ic ity  o f sa fro le  to  is o la te d  
hepatocytes may be re la ted  to more s p e c ific  e ffe c ts  on the plasma
membrane resu ltin g  in rapid changes in  its  in te g r ity  or to the 
a f f in i t y  o f sa fro le  fo r  p la s t ic . Irre v e rs ib le  plasma membrane 
damage occurred rap id ly  a t concentrations greater than ImM s a fro le .
The reductions in  g lu ta th io n e , an in h ib ite d  ra te  o f synthesis seen 
a t  ImM and marked depletion a t lOmM, may be re la te d  to active  
m etabolite production. S afro le  is  also an inducer o f the microsomal 
monooxygenase enzyme system. Cytochrome P-450 mediates the production 
of an active  m etabolite o f s a fro le , probably an epoxide and the 
reductions in g lutath ione may be re la te d  to the fu rth e r  metabolism 
o f th is  epoxide v ia  conjugation. D ihydrosafrole also depletes  
g lutath ione in  hepatocytes (personal communication: Benford, 1981).
This active  m etabolite is  the undoubted cause o f the to x ic ity  o f 
sa fro le  i_n v ivo .
5 .3 .4  Phenobarbitone
Phenobarbitone is  a member o f the b arb itu ra te  class o f drugs which 
cause CNS depression in vivo and hence sedation. I t  has an add itional 
important property in th a t i t  induces the a c t iv ity  o f the microsomal 
monooxygenase system by increasing the amounts o f cytochrome P-450 
and a number o f other microsomal enzymes. In vivo th is  resu lts  in  
l iv e r  enlargement, and both in  vivo and in  v itro  in the increased 
ra te  o f microsomal monooxygenase mediated metabolism o f many xenobiotics.
This property o f phenobarbitone has led to i ts  extensive use as a tool 
both fo r  in vivo and in v itro  experiments on drug metabolism and to x ic ity .  
For example phenobarbitone pretreated preparations are commonly used to 
assess the contribution  o f active  m etabolites to c e llu la r  to x ic ity .  I t  
was therefore  appropriate to determine what e ffe c ts  phenobarbitone 
has on the v ia b i l i t y  ch a ra c te ris tics  o f iso la ted  ra t  hepatocytes as 
i t  may influence the to x ic ity  o f xenobiotics in other ways than simply 
enhancing the ra te  o f oxidative  metabolism.
In experiments on trypan blue exclusion and LDH release there was no 
evidence o f marked to x ic ity  a f te r  one hours incubation w ith the 
concentrations o f up to 20mM th a t were investigated . A fte r  three  
hours, however, 20mM caused a reduction o f up to 70% in c e ll v ia b i l i t y
although the e ffe c ts  o f 1 and lOmM phenobarbitone were ind is tingu ishable  
from the con tro ls . S im ila r e ffe c ts  were seen w ith LDH re lease .
I t  was in te re s tin g  to fin d  th a t phenobarbitone caused a dose dependent 
in h ib it io n  o f to ta l protein  synthesis and to ta l RNA synthesis, s im ila r  
to th a t found fo r  paracetamol, although the concentration o f pheno­
barbitone which caused a 50% in h ib it io n  was lower, because i t  is  well 
established th a t both in vivo and in v itro  phenobarbitone'causes an 
increase in l iv e r  microsomal p ro te in . This re s u lt is  however supported 
by the resu lts  o f Tuma e t  al_ (1978) who also demonstrated th a t  
secretion o f glycoproteins by ra t  l iv e r  s lices  was impaired by 
phenobarbitone. They suggested th a t the in h ib it io n  o f secretory  
proteins may be an add itional fa c to r  contributing  to l iv e r  enlargement 
as a re s u lt o f treatm ent w ith phenobarbitone.
Although phenobarbitone was found to be more to x ic  to cu ltures a f te r  
chronic exposure fo r  a few days,a concentration o f l-2mM allowed 
continued c e ll attachment. A concentration o f ImM phenobarbitone 
was found to cause marked increases in the a c t iv ity  o f the microsomal 
monooxygenase system demonstrated by the increased a c t iv ity  o f 7- 
ethoxycoumarin 0-deethylase. Furthermore 2mM phenobarbitone produced 
marked increases in the a c t iv ity  o f NADPI^ diaphorase, G6PDH and 
SDH a c t iv it ie s  which were demonstrated cytochem ically.
Phenobarbitone a t a concentration o f 4mM caused about a 50% in h ib it io n  
o f protein  synthesis and in h ib ite d  the resynthesis o f g lu tath ione  
w ith in  the hepatocyte. At a high concentration (20mM) which caused 
about a 90% in h ib it io n  o f protein  synthesis the e f fe c t  on g lu tath ione  
was s im ila r  to th a t o f 4mM phenobarbitone. The leve ls  o f g lu tath ione  
were not depleted below the o rig in a l control leve ls  by phenobarbitone. 
D irect dose-related depletion o f g lutath ione by phenobarbitone 
therefore  did not occur instead an in h ib it io n  o f the resynthesis  
which is  maximal a t concentrations o f phenobarbitone greater than 4mM. 
This may be re la ted  to the e ffe c ts  o f phenobarbitone on the e lectron  
transport chain where i t  probably acts as an uncoupler causing a 
reduced production o f ATP and reduced oxygen consumption, supported
by the resu lts  obtained here. The large reduction in  the leve l o f
ATP may be responsible fo r  the in h ib it io n  o f the resynthesis o f 
g lutath ione.
Phenobarbitone therefore  causes induction and possibly a c tiv a tio n  of 
certa in  haemoproteins and enzymes in iso la ted  hepatocytes. I t  may 
be th a t a f te r  acute exposure the c e ll switches to support the 
enhanced synthesis o f these proteins due to the s p e c ific  a f f in i t ie s  
of phenobarbitone fo r  the microsomal monooxygenase system. As a 
re s u lt the synthesis o f other proteins and RNAs not required may 
be in h ib ite d  resu ltin g  in  an overa ll in h ib it io n  o f to ta l pro tein  
and RNA synthesis. Experiments with phenobarbitone in  cultures  
suggested th a t the marked e f fe c t  on protein  synthesis over one hour 
in suspensions o f hepatocytes was not maintained on longer term 
exposure. The resu lts  may even be in te rp re ted  to suggest th a t  
exposure to 5mM phenobarbitone fo r  e ig h t hours caused an increase in  
protein' synthesis between 24 and 48 hours o f cu lture although too much 
weight should not be placed on the resu lts  o f th is  experiment since the 
resu lts  were very v a ria b le . A fu rth e r  im p lication  from the resu lts  
with phenobarbitone is  th a t protein  synthesis in h ib it io n  is  not 
d ire c t ly  re la ted  to depletion o f g lu tath ione le v e ls .
5 .3 .5  Carbon te tra c h lo rid e
Carbon te tra c h lo rid e  is  one o f the c lass ica l model hepatotoxins and 
much work has been dedicated to e lu c id a tin g  the mechanism o f i ts  
h ep ato to x ic ity . Carbon te tra c h lo rid e  is  metabolised by the microsomal 
monooxygenase system to a free  rad ical CC1^*• I t  was thought th a t  
th is  ac tive  species was the cause o f l ip id  peroxidative a ttack  on 
c e llu la r  membranes resu ltin g  in c e ll death. S la te r e t  a t  (1980) 
have demonstrated, w ith the use o f pulse ra d io ly s is , th a t CCl^* is  
produced by the l iv e r  c e ll and although r e la t iv e ly  ac tive  and capable 
o f covalently  binding to c e llu la r  macromolecules i t  is  not the perox idati 
species. CClg is  fu rth e r  metabolised by an oxygen dependent reaction  
to produce a highly reac tive  pero^yradical (CCl^O^’ ) .  This la t t e r  
species is  more l ik e ly  to be responsible fo r c e ll death due to l ip id  
peroxidation and protein  damage. The high re a c t iv ity  o f th is  species 
w il l  lead to damage occurring a t i ts  s ite  o f formation in the endoplasmic
reticu lum . The less reac tive  CC13 * and secondary products can 
d iffu se  from the s ite  o f a c tiv a tio n  and cause c e ll damage a t other 
s ite s .
Kieczka and Kappus (1980) provide fu rth e r support fo r  the oxygen 
dependence o f the formation o f l ip id  peroxides w ith the suggestion 
th a t carbon te tra c h lo rid e  competes fo r  the oxygen binding s ite s  on 
cytochrome P-450. Low leve ls  o f oxygen w il l  allow greater access 
o f carbon te tra c h lo rid e  fo r  metabolism to ac tive  m etabolites y e t a 
low oxygen concentration w il l  in h ib it  the formation o f a peroxidative  
species.
The few resu lts  reported here fo r  carbon te tra c h lo rid e  in d ica te  th a t  
i t  is  markedly to x ic  to the plasma membrane o f iso la ted  ra t  hepatocytes 
and causes reductions in  oxygen consumption and protein  synthesis. 
Ind ications were also seen th a t low leve ls  produced increases in  
NADPH^  diaphorase a c t iv ity  suggesting the in i t ia t io n  o f s e lf  p ro tec tive  
mechanisms w ith in  the l iv e r  c e l l .  There was also a suggestion from 
cytochemical in ves tig a tio n s , although not q u a n tifie d , th a t cycloheximide. 
had a mild p ro tective  action against the to x ic ity .o f  carbon te tra c h lo rid e  
in  cu ltu res .
The protective  e f fe c t  o f cycloheximide is  supported by the resu lts  o f 
Castro e t al_ (1977 ), Lindstrom and Anders (1977) and Popp e t  al_ (1978).
The concept th a t protein  synthesis plays an ac tive  ro le  in  the 
production o f c e l lu la r  damage produced by carbon te tra c h lo rid e  is  
probably however too s im p lis t ic . Carbon te tra c h lo rid e  induced l iv e r  
in ju ry  is  probably a composite o f more than one pathological change.
Endogenous protection against l ip id  peroxidation may w ell be mediated 
by glutath ione v ia  g lutath ione peroxidase. Lowering o f g lu tath ione  
leve ls  by d iethyl maleate has been associated w ith enhanced 
malondialdehyde formation by carbon te tra c h lo rid e  (Lindstrom e t  al_, 1978). 
Diethyl maleate alone however produces l ip id  peroxidation- and g lu tath ione  
depletion (Stacey and P r ie s t ly , 1978) whereas only high doses o f carbon 
te trac h lo rid e  (2 0 ^ 1 /m l)  produced g lutath ione depletion and c e ll damage 
w ithout concomitant l ip id  peroxidation.
Poli e t al (1979) have recen tly  confirmed th a t carbon te tra c h lo rid e  
stim ulates l ip id  peroxidation in  iso la ted  hepatocytes. I t  also 
in h ib its  both protein  synthesis and protein  and lip o p ro te in  secretion  
and stim ulates fa t  accumulation w ith in  l iv e r  c e l ls ,  a l l  s im ila r  
find ings to those seen a f te r  in  vivo treatm ent w ith carbon 
te tra c h lo rid e . I t  was also confirmed th a t the increase in l ip id  
peroxidation is  mediated by i ts  microsomal monooxygenase metabolism.
5 .3 .6  A summary o f some postulated mechanisms of to x ic ity  
Iso la ted  hepatocytes in  suspension or primary monolayer cu ltu re  have 
been used here to in vestigate  the e ffe c ts  o f paracetamol, 
phenobarbitone and sa fro le  on the l iv e r .  Chemically induced changes 
in a number o f parameters have been id e n tif ie d  which may or may not 
be re la ted  to to x ic ity .
Examination o f the changes caused ind icates th a t there is  one sequence 
o f events which is  common to a l l  three compounds. This is  characterised  
by a rapid f a l l  in ATP levels  followed by in h ib it io n  o f p ro te in  synthesis  
and RNA synthesis. Furthermore ir re v e rs ib le  plasma membrane damage was 
observed in  iso la ted  hepatocytes a f te r  exposure to a l l  three compounds:
4ATP ^ p ro te in  syn thesis  ^RNA synthesis — »;c e ll death
Safro le  was found to have the most marked tox ic  e ffe c ts  in  hepatocytes 
with ir re v e rs ib le  plasma membrane damage occurring a f te r  a short 
exposure time to re la t iv e ly  low concentrations. Phenobarbitone was 
tox ic  to hepatocytes in  suspension and cu ltu re  although ir re v e rs ib le  
plasma membrane damage occurred la te r  than w ith s a fro le . The e ffe c ts  
of paracetamol in suspensions o f ra t  hepatocytes were incons is ten t.
Marked to x ic ity  was seen, however, in cultured hepatocytes a f te r  
prolonged exposure to high concentrations.
Scale o f to x ic ity :
S afro le  > Phenobarbitone > Paracetamol
Paracetamol caused marked reductions in ATP and protein  synthesis a t  a 
concentration o f 40mM. The in h ib it io n  o f pro tein  synthesis was found 
to be re v e rs ib le , however, in cultures which were exposed to paracetamol
i
fo r  short periods of tim e. I t  is therefore  probable th a t the reductions 
in ATP are also re v e rs ib le . Furthermore i t  is  u n lik e ly  th a t reductions 
in protein  synthesis and RNA synthesis, or ATP are d ire c t causes o f  
irre v e rs ib le  plasma membrane damage:
The microsomal monooxygenase (MMO) enzyme system is  involved in  the 
metabolism o f paracetamol, sa fro le  and phenobarbitone. The major 
metabolic pathways fo r  paracetamol are v ia  metabolism to the sulphate 
and glucuronic acid conjugates. At high concentrations, however, 
these pathways become saturated and metabolism v ia  the microsomal 
monooxygenase system becomes a major pathway producing more to x ic  
ra th er than less tox ic  m etabolites in the form of active  a ry la tin g  or 
a lk y la tin g  species. Safro le  forms a product-adduct complex with  
cytochrome' P-450 hence the MMO enzyme system plays a major ro le  in  the 
metabolism o f sa fro le  probably v ia  formation o f an epoxide. One minor 
m etabolite o f phenobarbitone may be a dihydrodiol which would require  
i n i t i a l  metabolism to an epoxide d e r iv a tiv e . Active m etabolite  formation  
may also involve the production o f reac tive  oxygen species. Reactive 
e le c tro p h ile s , inactiva ted  by conjugation with g lutath ione catalysed  
by g lutath ione transferase or peroxidase, w il l  deplete in t r a c e llu la r  
glutath ione:
c e ll death
protein  synthesi~ 
nI rNA synthesis
^  c e ll death
RH
NADPH
cytochrome P-450
NADH
ROH <r R (a c tiv e  oxygen) >  l ip id  peroxidation
and c e ll death
GSH-
transferase
GSH \  GSH
 \  peroxidase
GSSG
>  RSG
GSSG = oxidised g lu tath ione
Paracetamol and sa fro le  both caused dose-dependent depletion of 
g lu ta th ione . Phenobarbitone, however, reduced the ra te  o f resynthesis 
o f glutath ione but did not ac tu a lly  deplete i t  in  a dose-dependent 
manner. I t  has been postulated th a t depletion o f g lutath ione alone may 
lead to c e ll death v ia  l ip id  peroxidation . Prolonged treatm ent w ith  
paracetamol may therefore  re s u lt in  c e ll death due to l ip id  peroxidation .
,/
Active a ry la tin g  or a lk y la tin g  m etabolites may covalently  bind to  
protein  or other c e l lu la r  m a te ria l. High concentrations o f paracetamol 
were shown here to cause rapid dose-dependent binding o f drug-re la ted  
m ateria l to p ro te ins . Furthermore covalent binding o f sa fro le  and iso safro le  
is  known to occur a t leve ls  below those which cause to x ic ity .  Thus i t  
is  u n lik e ly  th a t covalent binding alone causes c e ll death.
Oxygen consumption was reduced by both paracetamol and phenobarbitone, 
but not by s a fro le , a t the concentrations investigated  here. Paracetamol 
was also found to in h ib it  succinate dehydrogenase a c t iv i ty .  The 
mitochondrion may, th e re fo re , be susceptible to the d ire c t  e ffe c ts  o f 
paracetamol and phenobarbitone but is  u n lik e ly  to be a d ire c t  ta rg e t  
fo r  the tox ic  e ffe c ts  o f s a fro le .
The properties o f these three compounds d i f f e r  fu r th e r  in  th a t phenobarbitone 
and sa fro le  are both inducers of the microsomal monooxygenase enzyme 
system. Phenobarbitone induces cytochrome P-450 whereas s a fro le  induces 
a novel form o f cytochrome P-450. Phenobarbitone's ro le  as an inducing  
agent was supported here by i ts  e ffe c ts  on 7-ethoxycoumarin 0-deethylase  
and NADPH2 diaphorase a c t iv it ie s  in  cultured hepatocytes. Phenobarbitone 
also caused increases in the a c t iv ity  o f glucose-6-phosphate dehydrogenase 
and succinate dehydrogenase. Paracetamol caused increases in the a c t iv ity  
o f NADPH2 diaphorase but decreases in glucose-6-phosphate dehydrogenase 
and succinate dehydrogenase. Substrates w ith an a f f in i t y  fo r  cytochrome 
P-450 may cause a c tiva tio n  o f the MMO enzyme system which could exp lain  
the e f fe c t  o f paracetamol on NADPHg diaphorase a c t iv ity .  The e ffe c ts  
o f sa fro le  on these parameters were not investigated  in cultured  
hepatocytes since sa fro le  caused rapid detachment o f c e lls  from the cu ltu re  
surface. One would a n tic ip a te , however, th a t concentrations o f s a fro le ,
which did not cause rapid to x ic ity ,  would increase the a c t iv ity  o f 
7-ethoxycoumarin 0-deethylase and NADPl^ diaphorase in hepatocytes.
The resu lts  obtained here have not id e n tif ie d  the d ire c t cause o f c e ll 
death although they would tend to suggest th a t i t  is  not due to one 
fa c to r alone but the combination o f a number o f fa c to rs . In other, 
words chemically induced to x ic ity  is  re la ted  to the leve l o f in s u lt  and 
the duration o f exposure and a reduced capacity o f the hepatocyte 
to re p a ir or reverse chemically induced tox ic  changes.
A number o f common mechanisms have been id e n tif ie d  which may be re la te d  
to the c e ll death caused by paracetamol, sa fro le  and phenobarbitone:
The rapid decrease in ATP leve ls  was the e a r l ie s t  change id e n t if ie d  
in the studies carried  out here. I t  is  not known, however, whether th is  
was a d ire c t e f fe c t  o f the chemicals investigated  or whether i t  was 
secondary to an e a r l ie r  chemically induced change. Furthermore there  
might be other changes occurring which are causally re la te d  to  c e ll death 
which have not been id e n t if ie d .
More d e ta iled  investigations in to  the e ffe c ts  on ATP may y ie ld  fu r th e r  
inform ation in to  mechanisms of to x ic ity .  Other areas which might be 
looked a t in  hepatocytes are the re la tio n s h ip  between g lu tath ione leve ls  
and the onset o f l ip id  peroxidation and the e f fe c t  o f chemicals on 
calcium f lu x  or the transport o f other essentia l e le c tro ly te s .
?
Tcovalent binding 
• T l ip id  peroxidation  
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C H A P T E R  6
C O N C L U S I O N S
CONCLUSIONS
6 - 1 the value of isolated  hepatocytes for studying the to xic
EFFECTS OF CHEMICALS
Iso la ted  hepatocytes have a number o f advantages over the use o f whole 
animals fo r  in ves tig a tin g  the to x ic  e ffe c ts  o f chemicals which may be 
summarised as fo llow s:
1. Less animals required
2. Smaller tissue samples therefore  a sm aller requirement 
fo r chemicals
3. A large number o f reproducible samples from one animal
4. The tissue is  removed from the influences of hormonal 
co n tro l, and the environment
5. The nu trien ts  may be c a re fu lly  defined in  the media used 
fo r  incubations
6 . The "d ie t"  is  e a s ily  manipulated v ia  media v a r ia tio n
7. The overa ll cost o f experiments is  less.
These advantages are supplemented by the technique used here in  
th a t comparison between d iffe re n t  species including humans is  
fa c i l i t a te d .  Furthermore the h is to r ic a l data base fo r  these 
preparations, g iving support to the s im ila r it ie s  o f iso la te d  hepatocytes 
to l iv e r  tissue in  v iv o , is  increasing. There are however a number o f  
disadvantages to using iso la ted  hepatocytes some o f which have been 
highlighted by the resu lts  reported here.
The l iv e r  is  a complex tissue made up o f a number of d if fe re n t  c e ll 
types and areas. The tox ic  e ffe c ts  o f chemicals are often re s tr ic te d  
to one area o f the l iv e r ,  e .g . paracetamol causes c e n tr ilo b u la r  
necrosis. Chemicals whose to x ic ity  is  caused by h ighly reac tive  
m etabolites produced by the microsomal monooxygenase system are more 
l ik e ly  to produce c e n tr ilo b u la r necrosis since cytochrome P-450 is  
more prevelant in the c e n tr ilo b u la r hepatocytes (Gooding e t  al.» 1978). 
Furthermore Smith e t al_ (1979) demonstrated an uneven d is tr ib u tio n  of 
glutath ione w ith in  the l iv e r  lobule by cytochemical means fin d in g  th a t  
the c e n tr ilo b u la r c e lls  contained less reduced g lutath ione than other 
regions in the l iv e r  lobule which may fu rth e r  support the s u s c e p tib il ity
o f these c e lls  to the tox ic  e ffe c ts  o f m etabolica lly  ac tiva ted  
chemicals.
A suspension o f hepatocytes contains a homogeneous mixture o f l iv e r  
c e ll types from the d if fe re n t  regions o f the l iv e r  lobu le . I t  is  
therefore  impossible to id e n tify  h is to lo g ic a lly  the s ite  w ith in  the 
l iv e r  a t  which damage is  occurring. I t  is  also possible th a t  
hepatocytes may lose th e ir  ind iv idu al s p e c ific  functions in is o la tio n .  
Furthermore i f  the e ffe c ts  o f a chemical are s lig h t in  the acute 
phase, or even the chronic phase, these w il l  be q u a n tita tiv e ly  
d ilu te d  out by the presence o f large numbers o f unaffected c e l ls .
A tox ic  e f fe c t  may therefore  need to be qu ite  marked before i t  is  
detected in a c e ll suspension. I f  the chemical is  a ffe c tin g  a l l  the 
c e lls  to a s im ila r  extent then i t  is  possible th a t the tox ic  e f fe c t  
in v itro  d iffe rs  from th a t in v iv o . The is o la tio n  procedure may 
also introduce a fu rth e r  problem o f re la t iv e  resistance to  damage by 
adaptation o f hepatocytes to th e ir  new environment.
Some o f these problems can be overcome by using cultured hepatocytes 
since a h is to lo g ica l examination can be made and cytochemistry can 
be used to id e n tify  changes in p a rt ic u la r  c e ll types.
I t  is  apparent from the resu lts  reported here th a t there is  a marked 
v a r ia b i l i t y  in  the preparations o f hepatocyte suspensions and cu ltu res . 
This v a r ia b i l i t y  is  less o f a problem in terms o f the q u a n tita tio n  
o f functional parameters l ik e  cofactor leve ls  and metabolic capacity  
than in  the response to tox ic  e ffe c ts  o f chemicals. To c la r i f y  
th is  point i t  was apparent from these resu lts  th a t the hepatocytes 
derived from some animals were fa r  more susceptible to the to x ic  
e ffe c ts  o f paracetamol than others. We are therefore  unable to  
remove the ind iv idual v a ria tio n  between animals when using 
hepatocytes in  v itro  since they not only function as they would 
in  vivo but also maintain the ind iv idual ch a ra c te ris tics  o f the 
animal from which they were derived. This problem may be p a r t ia l ly  
overcome by m aintaining more rigorous standards fo r  animal husbandry 
and animal se lec tio n .
The fa c t th a t hepatocytes in an iso la ted  s itu a tio n  are removed from 
the in vivo hormonal controls and a blood supply is  probably a 
major advantage i f  one is  try in g  to characterise a w ell defined  
metabolic pathway or physio logical function o f the l iv e r .  I t  is  
c le a r ly  apparent however th a t mechanisms of to x ic ity  are not e a s ily  
defined and consist o f many variab les . Furthermore in  vivo the 
pharmacokinetic d is tr ib u tio n  o f a drug and i t s  m etabolites can play 
a major ro le  in  i ts  to x ic ity ,  and the body has overa ll defense 
mechanisms which although undefined c le a r ly  a id  in reversing to x ic ity .
The in  vivo blood supply provides a continued source o f nu trien ts  
and oxygen to the l iv e r  c e l l ,  and serves to remove ra p id ly  components 
produced by the l iv e r  including proteins and drug m etabolites. The 
b ile  and lymph also provide fu rth e r  pools in to  which the l iv e r  c e ll 
may excrete or secrete . The l iv e r  is  therefore  under continuous f lu x .  
The suspension o f hepatocytes and cultures used here s u ffe r  from 
the disadvantage o f not being under continuous f lu x  thereby subjecting  
the l iv e r  c e ll to high concentrations o f p o te n tia lly  to x ic  chemical 
fo r  abnormally, prolonged periods o f tim e. Furthermore the incubation  
media may concentrate unwanted to x ic  by-products produced by the 
l iv e r  which may enhance the tox ic  response o f the c e ll and in fluence  
the mechanistic pathway by which to x ic ity  occurs.
Although the disadvantages.discussed here may seem numerous- and 
insurmountable the use o f iso la ted  hepatocytes has a wide p o te n tia l.
The research reported here serves to i l lu s t r a te  th a t the system in  
use needs to be w ell defined before subjecting i t  to to x ic  chemicals. 
Once the control hepatocyte in  v itro  is  more f u l ly  understood 
in te rp re ta tio n  o f tox ic  changes should prove to be more e a s ily  
accomplished. The use o f hepatocytes as a cytotoxic  screen is  now 
being investigated . Tyson e t al_ (1980) compared the e ffe c ts  o f 23 
chemicals on GOT release find ing  a good co rre la tio n  between the e ffe c ts  
seen in v i t r o ,  in  hepatocytes prepared by the method used here, and 
those reported in  v ivo . This type o f screening fo r  chemicals is  not, 
however, very inform ative and can give misleading re s u lts . I t  is  
hoped th a t i t  w il l  be some time, i f  a t a l l ,  before th is  type o f routine
tes tin g  is  adopted fo r screening the to x ic ity  o f chemicals. Continued 
investigations in  hepatocytes however may lead to the provision o f a 
more su itab le  model than the whole animal fo r e lu c id atin g  the 
mechanisms by which chemicals are toxic,w hich is  fa r  more valuable  
than ju s t  knowing whether or not they are to x ic .
Future investigations in to  mechanisms o f to x ic ity  w il l  probably be more 
productive i f  g reater a tte n tio n  is  given to the use o f iso la ted  hepatocytes 
in  primary monolayer cu lture  ra th er than in suspension. Cultured  
hepatocytes allow greater f l e x ib i l i t y  w ith the a p p lic a b ili ty  o f a wider 
range of experimental techniques.
To achieve th is  end the q u a lity  o f cultures must f i r s t  be improved to 
enable re p ro d u c ib ility  o f preparations w ith s im ila r  p ro p e rties , la rg e r  
numbers o f c e lls  attached and a more pred ictab le  l i f e  span. Further 
investigations in to  the id e n tity  and a c t iv ity  o f the MMO enzymes present 
in cu ltu re  w ith the aim o f obtaining a s im ila r  p ro f ile  to th a t present 
in vivo would provide a more re lia b le  system to work w ith .
Further improvements may be made by .using animals o f b e tte r  q u a lity  or 
even germ fre e  animals. Consideration o f d ie t and environmental 
conditions p r io r  to s a c r if ic e  may also help to produce preparations o f a 
b e tte r q u a lity .
There is  a need to redefine the constituents o f the media used during the 
is o la tio n  procedure and fo r  incubation o f the cu ltu res . Careful 
manipulation o f the constituents w ith a consideration o f other supplements 
may define more su itab le  media. This is  esp ec ia lly  re leven t to the leve ls  
o f g lutath ione and cytochrome P-450 w ith in  the hepatocytes.
The a v a ila b i l i t y  o f a well defined cu ltu re  system w il l  provide a more 
re lia b le  in v itro  model fo r  the in vestig a tio n  of chemically induced 
to x ic ity .  The wider range o f techniques th a t may be used to aid  these 
investigations include phase contrast e lectron  microscopy and the 
app lication  o f q u a n tita tiv e  cytochemical analyses, in add ition  to the 
enzyme marker approach used here. The use o f hepatocytes iso la te d  from 
g en e tica lly  d if fe re n t  s tra in s  o f rats  or the greater use o f se le c tiv e
metabolic in h ib ito rs  may provide fu rth e r inform ation. More d e ta ile d  time 
sequencing o f chemically induced changes may enable more pos itive  
conclusions to be made on the mechanisms of to x ic ity .
The resu lts  from w ell designed and c a re fu lly  executed experiments may 
eventually  lead to the e lu c id atio n  o f the mechanisms leading to 
chemically induced c e ll death. Furthermore the va lid a tio n  o f iso la ted  
hepatocytes as a tool fo r  in vestig a tin g  the to x ic  e ffe c ts  of chemicals 
may enable th e ir  use fo r  p red ic ting  more accurately the e ffe c ts  o f 
chemicals in  man.
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